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PREFACE 

The Proceedings of the International Conference on the Peaceful l/ses 
of Atomic Energy arc published in a series of 16 volumes, as follows : 

Voluiro Sessions 

Number Title Included 

1 The World's Requirements for Energy; The Role of Nuclear Power 2, 3.2, 4.1, 4.2, 5, 24.2. 

2 Physics; Research Reactors 6A f 7A, 8A, 9A. 10A.1. 

3 Power Reactors 10A.2, 3.1, 11 A, 12A, 

13 A, 14A. 

4 Cross Sections Important to Reactor Design ISA, 16A f 17A, 18A. 

5 Physics of Reactor Design 19A. 20A. 21A, 22A. 23A. 

6 Geology of Uranium and Thorium 6B, 7B. 

7 Nuclear Chemistry and thi; Effects of Irradiation 8B, 9B, 10B, 11 B, 12B, 

13B. 

8 Production Technology of the Materials Used for Nuclear Energy 14B, 15B, 16B, 17B. 

9 Reactor Technology and Chemical Processing 7.3, 18B, 19B, 20B, 21 B, 

22B, 23B. 

10 Radioactive Isotopes and Nuclear Radiations in Medicine 7.2 (Med.), 8C, 9C, IOC. 

11 Biological Effects of Radiation 6.1, 11C. 12C, 13C.1. 

12 Radioactive Isotopes and Ionizing Radiations in Agriculture, 

Physiology and Biochemistry 7.2 (Agric.), 13C.2, 14C f 

15C, 16C 

13 Legal, Administrative, Health xand Safety Aspects of Large-Scale 

Use of Nuclear Energy 4.3, 6.2, 17C, 18C. 

14 General Aspects of the Use of Radioactive Isotopes; Dosimetry 7.1, 19C, 20C. 

15 Applications of Radioactive Isotopes and Fission Products 

in Research and Industry 21C, 22C, 23C. 

16 Record of the Conference 1, 24.1, 24.3. 

These volumes include all the papers submitted The verbatim records of the Conference are 

to the (icncva Conference, as edited by the Scien- included in the pertinent volumes. These verba- 

tific Secretaries. The efforts of the Scientific Score- lini records contain the author's corrections and, 

taries have In-en directed primarily towards where necessary for scientific accuracy, the edit- 

scientific accuracy. Kditiiig for style has In-en in ff changes of the Scientific Secretaries, who 

minimal in the- interests of early publication. This hav ? also been responsible for inserting slides, 

may be noted c-six-einlly in the English traiisla- < h *fframs and sketches at appropriate points. In 

lions of certain papers submitted in French, Kus- ! he rccord . { each sess 1O n. slides are numbered 

siaii and Swinish, hi a few instances, the titles of !" ';" . " through .-ill presentations. 

l*pe have been edited to relied more accu- X \ hcr * ^ -'* *il*ie,. an illusl ration in the 

rately the content of those ^rs. submitted paper, appropriate reference is made 

The editors principally responsible for the ^^^S? 1 *"'* * * T '" lhe T * 

preparation of these volumes were : Robert A. " ^^ "' ..^ Kec||n| ||f |hc Callfercllce/ . 

Charpie, Donald J Dewar. Andre Hnkelstcm, incllldt . s thc colllplete p n ,gramine of the Con- 

John Gaunt, Jacob A ( .oedkoop, hlwyn O. fereiice, a numerical index of papers and an 

Hughes, 1-eonard P. T-amerton, Alcksandar author's index, the list of delegates, the records 

MilnjcviCp ClilTorcl Moskicher, Cesar A. Sastre, c ,f the oix-ning and closing sessions and the com- 

ancl Hriati K. Urquhart. plete texts of the evening lectures. 
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Inelastic Scattering of Fast Neutrons by Atomic Nuclei 

By M. V. Pasechnik,* Ukrainian SSR 



INTRODUCTION 

The process of inelastic scattering of fast neutrons 
has been investigated by J. I. Frenkel and V. Weiss- 
kopf by means of statistical theory nearly twenty 
years ago. 1 Nevertheless, due to the practical prob- 
lems as well as to some reasons mentioned below, this 
phenomenon still attracts much interest and attention. 

Firstly, most of the investigations made up to now 
dealt with measurements of total effective cross sec- 
tions for interaction of fast neutrons with nuclei, while 
separate processes were not so carefully studied. 

Only recently Marshal's laboratory- succeeded in ob- 
taining some important, data on inelastic scattering of 
1-Mev neutrons by many nuclei separate from other 
interaction processes. Other experiments referred only 
to a few nuclei/ 1 

Secondly, recent investigations have shown that cer- 
tain diiliculties involved in neutron inelastic scatter- 
ing experiment resulted in contradictory data which 
could not be interpreted unambiguously. 

A further important fact should be mentioned: the 
single particle model, with addition of spin-orbit cou- 
pling, is known to account well for various properties 
of nuclei in the ground stale. 1 -*- 51 Simple rclalion be- 
tween nuclear shell structure and excited energy levels 
near the ground state can be established from this 
model. 5 

Unfortunately there are very few data on the be- 
haviour of closed shell nuclei in nuclear transforma- 
tions. When our experiments were started, only data 
obtained by M. G. Mescherjakov and I). Hughes were 
at our disposal. Mescherjakov measured effective neu- 
tron rapture cross sections in the region 1.5 to 2 Mev; 
in Hughes 1 experiments the neutron energy was 1 Mev. 
There investigations have shown t hat strong anomalies 
occurred in cross sections for nuclei with magic num- 
bers of 82 and 126 neutrons. 

Nuclear shell effects may therefore influence the 
probability of nuclear process even at high excita- 
tions. The problem arises how significant these effects 
are in other nuclear processes and at what excitation 
energies they vanish. 

To solve this problem, systematic studies of in- 
clastic scattering of fast neutrons in the region 2.5- 
14 Mev have been made in our laboratory since 1051. 
The results obtained by a Nuclear Physics Group of 

Original language: Russian. 

* This paper is based on work done in 1951 54 by M. V. 
Pasechnik, \V. Stryzak, O. Nemets, H. Werlebny* and V. 
liatalin. 



the Institute of Physics of the Academy of Science of 
the Ukrainian SSR (M. V. Pasechnik, V. I. Stryzak, 
O. F. Nemets ct al.) are presented below. 

1. EXPERIMENTAL METHOD AND APPARATUS 

The analysis of the energy spectra of neutrons scat- 
tered by atomic nuclei is considered the best method 
for separate study of elastic and inelastic processes. 
The interpretation of these spectra can, in principle, 
give many data on these processes, including the ef- 
fective cross-section values. 10 It is well known, how- 
ever, that fast neutron spectrometry appears to be 
still in a very early stage of development. 

Threshold detectors can be used to measure inelas- 
tic cross sections. Such detectors measure I he prob- 
ability of processes resulting in decreasing neutron 
llux falling upon the detector or changing its spectral 
composition: the latter is due to inelastic scattering of 
neutrons. 

Neutrons with energy lower than reaction thresh- 
old will not activate the detector. Under given ex- 
perimental conditions, the decrease of detector activa- 
tion can serve as a measure for the probability of 
inelastic scattering. 

Let us denote t he neutron Jlux, falling upon .V scat- 
tering centres per surface unit by fo(K\ while the 
ilux of neutrons scattered into unit solid angle per 
unit energy interval will be denoted as f(d,KJin). 
The differential scattering cross section then will be 
given by 



The total inelastic scattering cross-section <r, n is ob- 
tained by integrating the differential cross-section 
data over angles and energies. 

Practically, the measurements of inelastic scatter- 
ing cross seel ions can be simplified by proper choice 
of scallerer and detector geometry as well as their ar- 
rangement. The problem is to choose the proper ex- 
perimental conditions with the scallerer between the 
source and Ihe detector measuring only unsca tiered 
and elastically scattered neutrons. These are achieved 
when the scatterer has the form of a spherical layer 
and the detector is a point, detector. A good approxi- 
mation to these conditions is achieved by a thin 
spherical scatterer with a spherical detector of finite 
size. 

In the real measurements, a thick spherical layer is 
used with inner radius equal to the detector radius. In 
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this case the attenuation of the neutron ilux as well as 
asymmetry of elastic scattering must be taken into 
account. Corrections for these effects are found by 
means of calculations. Figure 1 shows the experimental 
arrangement under various conditions of monitoring 
the neutron Ilux. 

The threshold detector must have the following 
properties: 

1. The reaction threshold must be lower than the 
source neutron energy but very close to it in order to 
detect ii minimum number of inclastirally scattered 
neutrons; this is especially important in the case 
of a continuous spectrum of inelastically scattered 
neutrons. 

2. The reaction cross section must grow rapidly 
with neutron energy near the threshold. For neutron 
energy higher than energy threshold of the reaction, 
the reaction effective cross set lion must be constant. 

We have used the reactions I' :in ( '/,/>); Al" 7 ( //,/>) and 
S 32 (//.,/>) as well as Cu ft:i O/,2//). 

These detectors fulfil the aforementioned require 
ments better than any others. They are especially 
suitable for our measurement procedure. The half- 
lives were measured in order to check the purity of 
the detectors. The effect of the activities induced by 
slow neutrons was eliminated by surrounding the de- 
tector with a thin cadmium shield. 

The activity measurements were made with (ieiger- 
Miiller counters. The counting rate was taken before 
and after the measurements in order to verify the 
stability of counter performance. 

The scatterers were made in the form of spherical 
layers consisting of two hemispheres. Most of the scat- 
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terers were machined of a solid piece of metal. Liquid 
and powdered materials were placed in 0.02-in. thick 
copper containers. Strongly oxidizing substances (so- 
dium, barium) were enclosed in airtight containers. 
The thickness of the scattering layer was 0.8 to 1 inch. 
The D(</,M)He :i and T)(7\)He 4 reactions served as 
neutron sources. The dent erons were accelerated in the 
accelerating tube of an electrostatic generator and in 
a low voltage neutron generator. Voltage stability 
was within 1%. The deuterium ions accelerated in the 
ion tube were focused on a heavy ice target. Heavy 
ice was obtained by precipitating heavy water vapour 
on silver backing, cooled with liquid nitrogen. The 
tritium target was prepared by absorption of tritium 
on a zirconium foil at high temperature. The composi- 
tion of the primary beam was checked by means of 
nuclear emulsions. 

2. CROSS SECTIONS FOR INELASTIC SCATTERING 
OF 2.5, 3.3, 4.1 AND 1 4-MEV NEUTRONS 

The effective inelastic scattering cross sections of 
neutrons of various energies were measured for many 
elements by means of the above described method. 
As is known, the cross section a in is given by 



1 
A'.v 



- .. In 



Figure 1. The experimental arrangements for measuring inelastic 

scattering cross sections: (1) target; (2) scatterer; and (3) detector; (4) 

monitor; (5) /, - 18. /; - 30, /. - 19, /, --= 24, /. s = 18 for 2.5-Mev 

neutrons and / , = 30 for 1 4-Mev neutrons 



where A is the number of atoms per cm 1 ' of the scal- 
terer, .v is the mean neutron path in the scatterer, 
which is determined by the geometry of the experi- 
mental arrangement, while A and A\ are the detector 
activities with scatterer in position and without scat- 
terer respectively. 

Phosphorus was used as a threshold detector to 
measure the inelastic cross section of 2.5-Mev neu- 
trons. The effective energy threshold for the reaction 
P B "(//. f ^)Si :i " is 1.7 Mev. Radioactive silicon from the 
reaction has a half-life equal to 170 min, with an end 
point of the beta spectrum of 1.8 Mcv. 

The measurements were done as follows: Two de- 
tectors (with and without scattered were placed in 
the holders in symmetric positions with respect to the 
target. After 45 ( >0 min exposure the activity of each 
detector was measured. The next run of experiments 
was made with the positions of the first and second 
detector interchanged so as to eliminate the error due 
to a difference in the distance between source and de- 
tector. Then counter positions were interchanged to 
exclude a possible difference in the counter efficiencies. 

An aluminium detector was used in the experiments 
with 3.3 and 4.1 -Mev neutrons. The half-life of the 
Mg 27 resulting from the (;/,/>) reaction is 10 minutes. 

For each element from 8 to 20 measurements were 
performed, depending on the attenuation of the neu- 
tron beam. This procedure reduces the statistical 
errors to less than l.5 r j-. 

The reaction Cu fi:< (//,2;/.)Cu 6 -, with a 12.5-Mcv ef- 
fective threshold, was used as detector in experiments 
with 14- Mev neutrons. 

The experimental results arc presented in Table 1 
on the foHowing page. 



INELASTIC NEUTRON SCATTERING 

Table 1 . Cross Sections for Inelastic Scattering of Neutrons 
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3. SPECTRA OF SCATTERED NEUTRONS AT 
E n --- 2.75 Mev 

The energy spectrum of fast neutrons scattered by 
atomic nuclei was investigated by means of several 
methods based on the measurements of the energy dis- 
tribution of recoil protons. It is known that n-p scat- 
tering is isolropic in the centrc-of-mass system for 
energies up to about 10 Mev and nearly isolropic for 
energies up to 20 Mev. The neutron spectrum can be 
found by differential ing the recoil proton energy 
distribution J'(E}. 

Let N(E) dE be the number of neutrons having 
energies in the interval E, E + dE, and P(E) dE the 
number of protons in the same energy interval. Then 



\(E) = 



E d_l>(E 
ncr(E)x ~ dE 



where ;/ is the number of nuclei per cm", a(E) the 
n-p scattering cross section, and .v the mean path of 
neutrons in the scattcrer. 

The basic measurements were performed by using 
a fast neutron spectrometer with a pulse ionization 
chamber as the detector of fast neutrons. Its output 
pulses were fed through a preamplifier and linear am- 
plifier to a 50-channel pulse height analyzer. A me- 
chanical register counted the number of pulses in each 
channel. 

The ionization chamber was filled with the mixture 
of hydrogen (1 a tin) and argon (4 atm). To obtain 
complete electron collection, careful chemical purifica- 
tion and long-term testing were performed. Correc- 



tions for induction and wall effects were calculated 
theoretically. 11 

The preamplifier was mount CM I together with the 
chamber on a cylindrical chassis. The preamplifier 
band width was 1.5 Me, chosen in accordance with 
the duration of the chamber output pulses. This band 
width gave the most favourable signal-to-noise ratio 
with minimum pulse distortion. 

The main amplifier was a three-stage unit with 
cathode followers at. the input and output. It de- 
livered undisturbed pulses up to 100 volts. 

To investigate the pulse height distribution, multi- 
channel pulse height analyzers of the amplitude-time 
transformation type were used. Being relatively sim- 
ple, these analyzers possess good discrimination level 
stability, satisfactory linearity and a great number of 
channels. 

The alpha-spectrum of natural uranium was meas- 
ured in order to test the resolution of the whole unit. 
The 4.76-Mev and 4.18-Mev lines are the most in- 
tense lines in that spectrum. As seen from the spectro- 
gram in Fig. 2(a), these two lines are well resolved, 
the half-width of the 4.7o-Mev line being 3.1%. This 
alpha-spectrum was measured repeatedly to check 
both reliability of the apparatus and its resolution for 
each set of measurements of the proton spectrum. 

The resolution of the neutron spectrometer was de- 
termined by measuring the spectrum of the neutron 
beam leaving the target at ( >() degrees with respect to 
the direction of the incident deuteron beam. Figure 2(6) 
shows one of these spectrograms. The half-width of 
the peak is 150 kev at 2.5-Mev neutron energy; the 
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Figure 2. Alpha -particle spectrum (a), and direct neutron beam 
spectrum (b) 

energy spread of the primary neutron beam is 120 kev. 
The resolution of the spectrometer at 2.5-Mev neu- 
tron energy is therefore 6%. 

Figure A shows the arrangement of scatterer and 
chamber. The torroidal shape of the scatterers ensures 
the maximum number of scattering centers receiving 
the same energy range of incident neutrons and mini- 
mum multiple-scattering as compared with other scal- 
terer shapes. 

We were also interested in partial inelastic scatter- 
ing cross section. Consequently three runs of measure- 
ments were made in each series: (a) measurement of 
the neutron llux falling from the source on the cham- 
ber; (/;) measurement of the scattered neutrons with 
the direct beam being intercepted by the parafim 
shield inserted between source and chamber; and (r) 
measurement of background neutrons. 

The scattering angle was 00 degrees in almost all 
measurements. 

If the neutron spectrum consists of several groups, 
the ideal recoil proton spectrum should be a well-pro- 
nounced step curve. Induction and wall effects in the 
chamber, however, smooth out the curve. Figure 4 
shows one of the spectrograms (for iron) as an ex- 






ample, the experimental data being given by a broken 
curve and the corrected ones by a solid curve. 

Besides proton recoils, argon recoil nuclei as well as 
gamma-ray pulses were observed in the low-energy 
region. The initial part of the experimental curve was 
therefore especially distorted. In evaluating the ex- 
perimental data the initial part of the curve had to 
be cut off up to 600 kev. 

The principal results for a number of nuclei are 
given below. The investigation of other spectra is still 
in progress. 

Magnesium 

Three levels, at 0.8 0.12; 1.29 0.12 and 1.55 
0.12 Mev, have been identified from the inelasti- 
cally scattered neutron spectrum, which was obtained 
as the result of 16 series of measurements. The energy 
values are confirmed to within the experimental ac- 
curacies by other investigators. 1 -' 13 - 14 

Aluminium 

Three levels have been found, at 1.00 0.12; 1.36 
0.12 and 1.60 0.12 Mev. These data are in agree- 
ment with the data obtained by other authors. 

Sulphur 

The scattered neutron spectrum does not differ 
from that of the direct beam neutrons. This result is 
in good agreement, with other data according to 
which the 2.25-Mev level is the lowest excited level 
of the principal isotope S 32 . Lower levels observed by 
other methods are due to isotopes S 83 and S 34 , but 
their natural abundance is too small (0.75 and 4.2%, 
respectively) to expect a noticeable change in the 
scattered neutron spectrum. 

Iron 

The spectrum of scattered neutrons consists of two 
sharply defined groups with energies of 1.87 + 0.12 
and 2.75 0.10 Mev, which indicate the existence of 
one level (). ( ) 0.12 Mev. This level can be assigned 
to the isotope Fe 66 , the natural abundance of which is 
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Figure 3. The experimental arrangement for observing scattered 
neutron spectra 



Figure 4. The spectrogram for iron: (1) experimental curve; (2) theoreti- 
cal curve; and (3) neutron groups 



INELASTIC NEUTRON SCATTERING 



The 2.75-Mev group is the result of elastic scatter- 
ing of neutrons. The value for the level energy 0.90 
0.12 Mev agrees well with the data obtained by 
other methods, in particular by studying gamma- 
ray spectrum accompanying inelastic scattering of 
neutrons. 

Copper 

The recoil proton spectrum obtained in studying 
neutron scattering by copper has three steps, corre- 
sponding to two nuclear levels and elastically scat- 
tered neutrons. In addition to the 1-Mev level ob- 
served by other authors, a level at 1.40 0.12 Mev 
was also found. This level was not known before; 
therefore the measurements were repeated several 
times. Similar results were reported 13 soon ifter our 
measurements. 

Zinc 

The spectrum of scattered neutron was not re- 
solved in separate groups. 

Cadmium 

The spectrum of neutrons scattered by cadmium 
was never measured before. Energy levels have been 
found at 0.86 0.12, 1.27 0.12, 1.63 0.12, and 
1.84 0.12 Mev. 

Lead 

The spectrum of the scattered neutrons consists of 
one group of 1.7 Mev energy. Above this energy lines 
are not resolved. By comparing the spectrum of the 
scattered neutron with the direct beam spectrum, the 
number of inelastic scattering events was shown to be 
a negligible fraction of that of elastic collisions. 

Bismuth 

The recoil proton distribution curve shows four 
well-defined steps. By differentiating we obtain four 
groups of neutrons. The first three of them corre- 
spond to inelastic scattering of neutrons (levels at 1, 
1.5, and 1.9 Mev). Our data were confirmed by the 
investigations of other authors. 16 

This result proves once again that the nuclei with 
magic numbers of neutrons have high first excited 
levels as well as large level spacing. 

The fact that this was not observed in the case of 
lead can be explained by the isotopic composition of 
the natural material. The natural abundance of iso- 
tope with neutron number 126 is known to amount to 
only 52.3%. 

4. NEUTRON INELASTIC SCATTERING AND THE 
NUCLEAR SHELL MODEL 

The analysis of experimental data permits drawing 
of some preliminary conclusions. 

1. The effective cross sections for inelastic scatter- 
ing of 2 to 4 Mev neutrons by all nuclei, except those 
having magic numbers of nucleons, increase smoothly 
with mass number approximately according to the 
<Ti n ~ A** law. 

The theoretical treatment of this dependence has 
been given by P. E. Nemirovsky, who extended the 



Feschbach-Porter-Weisskopf semitransparent nucleus 
model by introduction of a potential well with 
rounded edges instead of rectangular ones. 

2. The inelastic scattering cross sections of nuclei 
with neutron numbers of 50, 82, and 126 are con- 
siderably lower than those of other nuclei in the same 
neutron energy region. 

3. The data obtained cannot prove definitely a 
similar deviation for nuclei having a proton number of 
50 in the neutron energy range from 2 to 3 Mev. In 
inelastic scattering, as elsewhere, the effects of closed 
proton shells are probably weaker than those of 
closed neutron shells. 

4. In the intermediate neutron energy region 
(1 Mev) effective inelastic scattering cross sections 
show strong variation from one group to another. In 
this region there is no simple dependence of <r tw on 
mass number, but in this case too cross sections of 
magic number nuclei arc small. 

5. The higher the mass number, the stronger the 
anomalies in inelastic scattering cross sections values. 
This means that the nuclear shell effects are stronger 
for nuclei wilh a great number of nucleons, in agree- 
ment with data on neutron binding energies for nuclei 
with neutron numbers of 51, 83 and 127. 

6. Cross sections for magic nuclei increase with neu- 
tron energy. For example, the effective inelastic scat- 
tering cross section of bismuth at 1 Mev is several 
tens times lower than that of the neighbouring nuclei, 
while at 2.5 Mev it is only 5 times lower, and at an 
energy of 4 Mev only 1.5 to 2 times. 

7. The inelastic scattering of 14-Mev neutrons 
shows no deviation from smooth dependence within 
the experimental accuracy. It would be of great inter- 
est to perform measurements on inelastic scattering 
cross sections for magic nuclei in the neutron energy 
region from 5 to 10 Mev. It would make possible the 
determination of the excitation energy at which the 
effect of closed shells on neutron inelastic scattering 
vanishes. 

8. The measurements of energy distributions of 
scattered neutrons confirm the spcctrosropic data on 
nuclear energy levels. The first excited level of nuclei 
with magic numbers of neutrons and/or protons is 
higher than that of other nuclei. This conclusion is 
confirmed by the direct measurements of level position 
by studying gamma-ray spectra accompanying the 
inelastic scattering of neutrons. 

It must be stressed that the above data do not stand 
by themselves in nuclear dynamics. Closed shell effects 
have been found recently in other phenomena. Among 
those must first of all be mentioned the anomalies in 
fast and slow neutron radiative capture cross sections. 
These anomalies must be explained in terms of nuclear 
level distribution. 16 
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Gamma Rays from Neutron Inelastic Scattering 



By Robert B. Day,* USA 



Until the very recent development of I ime-of- flight 
techniques for the millimicrosecond range 1 there has 
been no really satisfactory way of measuring the neu- 
tron spectra from inelastic scattering reactions. Photo- 
graphic plates have provided a means of doing this, 
but they have a low efficiency and have, in addition, 
the disadvantage that a great deal of labor is involved 
in the plate reading. Other methods, which generally 
depend on the detection of proton recoils produced in 
a hydrogenous radiator, also have very low efficiency. 
An exception is the use of an organic crystal scintilla- 
tion counter, which has good efficiency, but here one 
obtains an integral spectrum and it has proved difficult 
to get good neutron spectra from differentiating its 
pulse-height distribution. 

In view of the difficulties involved in measuring fast 
neutron spectra one might look for alternative ways of 
measuring cross sections for neutron inelastic scatter- 
ing. In many cases the states of a target nucleus that 
are excited by inelastic scattering decay by gamma 
emission. Since the Nal gamma-ray scintillation spec- 
trometer provides fair resolution and good efficiency, 
its use is suggested in measuring the gamma-ray 
spectra accompanying neutron inelastic scattering. If 
one knows, or can measure, the decay scheme of the 
levels involved, then it is possible to deduce the neu- 
tron spectrum from the gamma-ray spectrum. In addi- 
tion, the gamma-ray spectrum is of great importance 
in the design of reactor shields because of the gamma 
rays produced in the shields by inelastic scattering of 
fast neutrons. 

For levels that are high enough to be unstable to 
particle emission this method is of little value since the 
relative probability of gamma emission is generally so 
low that the gamma rays will not be detected above 
the background. There are, of course, examples of 
unbound levels where particle emission is forbidden, 
but these are few. An additional difficulty occurs for 
low-lying levels that may be highly internally con- 
verted. Since the internal conversion electrons are 
largely absorbed in the neutron scatterer, transitions 
of this type are difficult to detect. These considera- 
tions indicate that the usefulness of gamma-ray 
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T. M. Hahn, University of Kentucky; F. L. Hereford, Univer- 
sity of Virginia; R. M. Kiehn and A. Wallenberg, Massachusetts 
Institute of Technology; D. A. Lind, University of Wisconsin; 
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spectra in deducing the spectra of inelastically scat- 
tered neutrons will be greatest in the lighter elements 
and for incident neutron energies below the neutron 
binding energy. 

In the succeeding sections a description is given of 
the various experimental methods that have been used 
in the United States for the detection of gamma rays 
accompanying neutron inelastic scattering. This is fol- 
lowed by a discussion of the problems involved in 
measuring the cross sections for gamma-ray produc- 
tion and examples of some of the results obtained. 



EXPERIMENTAL METHODS 

In all of the experiments being reported a Nal(Tl) 
scintillation spectrometer has been used as the gamma- 
ray detector. In the most common experimental ar- 
rangement this detector is shielded from the direct 
flux from the neutron source by a cone of suitable 
material, such as Pb, W, etc., and is surrounded by a 
ring of the element to be investigated (Fig. 1). When 
the ring is bombarded by neutrons, the gamma rays 
emitted are detected with good efficiency in the Nal 
counter. The advantage of this arrangement is that a 
greater mass of the scatterer can be used than is possi- 
ble in the other methods to be described, while still 
maintaining a good gamma-ray detection efficiency 
and minimizing gamma-ray absorption in the scatterer. 

A second method has utilized the "associated- 
particle" technique. 2 Here the associated particle that 
is produced in the source at the same time as the neu- 
tron, e.g., the alpha particle in the reaction H 8 (</,fi)He 4 , 
is used to define a beam of neutrons falling on the 
scatterer. A coincidence between the associated par- 
ticle detector and gamma-ray detector indicates that 
the inelastic event has been induced by a neutron com- 
ing directly from the source. This method is very use- 
ful in reducing the background from room-scattered 
neutrons and from neutrons produced in other places 
than the source reaction. Its usefulness where these 
are not the important sources of background is cor- 
respondingly reduced. 

Since the associated particle method is difficult to 
use with the reactions H 8 (#,w)He s or Li 7 (^,w)Be 7 as 
as the neutron sources, a collimator, such as the one 
described by Stelson and Preston, 3 can be used to ob- 
tain a well-defined beam of neutrons. The difficulty 
here is that the collimator may alter the primary neu- 
tron spectrum; however, experiments indicate that 
the number of neutrons degraded in energy is less than 
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Figure 1. A typical experimental arrangement employing the ring 
geometry 

10 per cent. It is also necessary in measuring cross sec- 
tions to consider the increase in neutron flux produced 
by scattering from the walls of the collimator, but this 
can be measured rather easily. 

In many cases the greatest contribution to the back- 
ground of the gamma-ray detector arises from neu- 
trons that are scattered from the scattering sample 
into the detector, where they produce gamma rays by 
inelastic scattering, capture, etc. One way of eliminat- 
ing this effect is to use a second counter to detect the 
inclastically scattered neutrons and to require a 
co'ncidencc between these neutrons and the gamma 
rays accompanying them. 4 Although this procedure 
greatly reduces the detection efficiency, it may prove 
necessary in cases where the Nal background has a 
peak at the same energy as the clement under investi- 
gation. Cranberg has suggested that a modification of 
the time-of-flight technique might also be used in 
eliminating this type of background. 

With high neutron bombarding energies the pulse- 
height spectra arc often so complicated that their 
interpretation is very difficult. Bat tat* has attacked 
this problem by employing a three-crystal pair spec- 
trometer in investigations of the gamma rays from 
neutron inelastic scattering at 14 Mev. Since with this 
instrument one obtains just a single peak in the pulse- 
height distribution for each gamma ray, the inter- 
pretation of the pulse-height spectrum is much sim- 
pler than it is for the single-crystal Nal spectrometer; 
however, this method suffers the disadvantage of hav- 
ing a much lower efficiency than that for the single- 
crystal spectrometer. 

Because of the backgrounds produced by neutrons, 
it is possible to get information on the gamma-ray 
spectrum from inelastic scattering only by a detailed 
examination of the pulse-height spectrum produced 
by the counter. An example of the JDackground effects 
to be found 6 is shown in Fig. 2, which gives the pulse- 
height distributions produced in a Nal counter by 
neutrons of various energies. The counter was set up 
as shown in Fig. 1 and surrounded by a graphite ring, 
which for these neutron energies will produce no 
gamma rays. Thus, the spectra of Fig. 2 are due 
entirely to the room background and to effects pro- 
duced by neutrons scattered into the Nal crystal by 
the ring. From a comparison of the two curves for a 
neutron energy of 2.64 Mev it can be seen that over 
half the background is caused by neutrons from the 
scatterer. 

When a scattering sample of the element to be inves- 
tigated is substituted for the graphite ring, the pulse- 



height spectrum produced by the inelastic scattering 
gamma rays is superimposed on the background spec- 
trum discussed above. An example 6 is shown in Fig. 3, 
which gives the pulse-height distribution for Teflon 
(CF 2 ). The characteristic photopeaks produced by 
gamma rays from F 19 are identified; the other peaks are 
background or Compton peaks. It will be observed 
that for strong gamma rays, such as the two low- 
energy ones shown in Fig. 3a, the signal to background 
ratio is fairly good, hence the intensity of those lines 
can be easily measured. 

The question of the optimum size Nal crystal re- 
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Figure 2. Low-energy background pulse-height distribution produced 
by neutrons of the energies shown, normalized to a constant neutron 
flux incident on the scatterer. A carbon ring scatterer was used in the 
arrangement illustrated in Fig. 1. Photopeak energies are given in Mev 
fust above the top curve. The ordinate changes by a factor of 10 for 
each energy^ however, the same scale is used for the two curves at 
E n = 2.64 Mev 
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Figure 3. Pulse-height distributions obtained with a Teflon ring scatterer 

(CF 2 ). The photopeaks of the gamma rays produced in F " are identified 

by their energies in Mev. The amplifier gain has been changed in the 

two pulse-height distributions 

quired to maximize the signal to background ratio has 
not been completely settled. Since the gamma-ray 
cross section of NaT is greater than the total neutron 
cross section, one would think that a small crystal 
would be best. This is undoubtedly true at low gamma- 
ray energies; however, at higher energies the enhance- 
ment of the photopeak by multiple Compton scatter- 
ing in the crystal may be great enough for large 
crystals to overcome their disadvantage of relatively 
larger neutron absorption In most cases it appears 
that large crystals have been preferred, perhaps be- 
cause of their higher detection efficiency. 

GAMMA-RAY ENERGY MEASUREMENTS 
AND ENERGY LEVELS 

With Nal scintillation spectrometers used in experi- 
ments on radio-nuclides it has been possible to meas- 
ure gamma-ray energies to better than one per cent 
accuracy. Although the background conditions are less 
favorable in neutron inelastic scattering experiments, 
this accuracy is often possible here because the high 
counting rates often found for neutron excitation of 
gamma rays permit good statistical accuracy to be 
obtained in the pulse-height distribution. It has been 
found possible for many gamma rays occurring in 
neutron inelastic scattering reactions to reproduce the 
position of the photopeak to within a few tenths of a 
per cent; thus the determination of the energy of the 
gamma ray is limited by the accuracy with which the 



pulse-height versus energy calibration is known. 
Techniques for eliminating the effects of any non- 
linearity in the amplifier and pulse-height analyzer 
are easily applied. In addition, one must also consider 
the possibilities of non-linear effects in the crystal and 
photomultiplier. These effects can be taken into ac- 
count by a careful pulse-height calibration with 
gamma rays of known energy. 

From a comparison of the measured gam ma- ray 
energies with level energies already known from other 
experiments it is often possible to identify the levels 
that are excited by neutron inelastic scattering, and 
thus to deduce the neutron spectrum. For those ele- 
ments where the spectrum is complicated because of 
the existence of several isotopes or many levels this 
identification is greatly aided by accurate energy 
measurements. The availability of separated isotopes 
in quantities of the order of ten grams or more is also 
of value here. For example, Sinclair 7 has been able to 
show by using an iron sample enriched in Fe 64 . That 
the 1.41-Mev gamma ray observed in iron originates 
in Fe 54 . This had already been suspected from the 
syslematics of the energy levels in even-even nuclei. 8 
As an example of the results obtained, Table I lists 
the gamma rays observed for a number of elements. 6 
Most of these gamma rays were excited by neutrons 
of 2.56 Mev, although in several elements where the 
energy of the first level was known to be higher than 
2.56 Mev, neutrons of energy up to 7 Mev were used. 
Note that a few cases of (n,p'y) and (n^oty) reactions 
have been observed here. 

The results on Bi are particularly interesting since 
it has not previously been possible to obtain informa- 
tion on the excited states of Bi 209 from other reactions 
or from radioactive decay. The accuracy of the meas- 
urements is such as to exclude the possibility that the 
two lower-energy gamma rays are in cascade from a 
2.6 Mev level. Furthermore, the excitation functions 
for these gamma rays, to be discussed later, show that 
they originate in the decay of excited states at 0.9 and 
1.6 Mev. The energies of the inelastically scattered 
neutrons are obtained by subtracting the gamma-ray 
energies from the incident neutron energy, while the 
cross sections for producing these neutron groups are 
equal to the cross sections for exciting the gamma rays. 
Some results 6 on inelastic scattering in Ca are also 
of considerable interest. Among other gamma rays 
observed (Fig. 4) is one of 0.508 0.005 Mev, whose 
energy is so close to that, for annihilation radiation 
that there is a strong presumption that it arises from 
positron annihilation. Its intensity is of the order of 
one hundred times too great to come from external 
pair formation by high-energy gamma rays. Experi- 
ments have shown that the half-life of the gamma ray 
is less than 0.5 second; furthermore, no positron- 
emitting nuclides are known that can be formed by 
neutrons of the energy used in these experiments on 
calcium. Thus it seems quite likely that this radiation 
comes from the decay of positrons emitted in the de- 
excitation of a state of Ca 40 by nuclear pair emission. 
This conclusion is strengthened by the fact that the 
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Table 1. Gamma Rays from Neutron Inelastic Scattering. In the Second Column the Isotope Emitting the 

Gamma Ray Is Given, Where It Can Be Identified. A Comparison with the Energies Obtained from Other 

Reactions and from Radioactive Decay Is Given in the Fourth Column 



Element 


Isotope 


/Y (A/rv) 


Comparison Reference 


Element Isotope 


Et (Mev) 


Comparison 


Reference 


Beryllium 


Be' 


None 




Fe 64 


1.405 0.010 


1.413 


. 


Boron 


Li 7 


0.478 0.004 


0.477 


Nickel Ni 80 


0.827 0.008 


0.85 


h 




B io 


0.717 0.007 


0.719 


Ni 80 


1.329 0.010 


1.3325 


1 


Carbon 


C ia 


4.42 0.03 


4.43 


Ni" 


1.453 0.014 


1.453 


J 


Nitrogen 


N 14 


2.30 0.05 


2.31 


\i 80 


2.18 0.04 


2.13 


h 


Oxygen 


0" 


6.094 0.06 


6.14 


Copper Cu 85 
Cll 8a 


0.365 0.005 
0.651 0.006 


0.37 
0.669 


k 
j 


Fluorine 


yw 


0.110 + 0.001 


0.110 




0.764 0.010 








F IB 


0.197 0.002 


0.197 


Cu 83 


0.958 0.010 


0.968 


J 




l/i 


.234 0.020 






.110 0.010 


1.12 


k 




pit 


.358 0.010 


1 . 35 


Cu" 3 


.325 0.010 


1.326 


j 




p 


.46 0.03 




Cu fl3 


.41 + 0.03 


1.410 


j 




|?li 


.56 0.03 


1 . 57 


Cu 86 


.47 0.03 


1.49 


k 


Magnesium 


Mg" 


.368 0.01 


1.368 


Cu 83 


.55 0.03 


1.549 


j 




Mg" 


.616 .t 0.016 


1.612 


Cu" 


.88 0.04 


1.89 


1 




Mg 28 


.820 0.018 


1.825 




2.07 0.02 






Aluminum 


Al" 


0.166 t 0.003 




Cu M 


2.52 0.03 


2.60 







Al" 


0.840 0.008 


0.843 


Tantalum Ta IHI 


0.137 0.002 


0.137 


in 




Al 27 


1.017 0.010 


1.013 


Ta lHl 


0.164 0.004 


0.166 


in 




Al* 7 


2.21 0.020 


2.211 


Ta .8l 


0.350 0.004 


0.344 


n 


Sulfur 


JI32 


0.077 0.002 


0.077 


Ta l 


0.485 0.005 


0.481 


" 




S 82 


2.23 0.020 


2.25 


Lead Pb 208 


0.533 0.005 


0.5375 





Calcium 


K 40 


0.0275 0.0015 


0.032 


Pb 2 " 7 


0.570 0.010 


0.570 


P 




Ca 40 


0.508 0.005 


0.51094 ' 


Pb** 


0.661 0.010 








K 40 


0.767 0.007 


0.768 


Pb 208 


0.802 + 0.008 


0.8033 


" 




K 40 


0.877 0.017 


0.861 


Pb 207 


0.888 0.010 


0.880 


'l 




Ca 44 


1.152 0.020 


1 . 16 


Pb 200 


1.43 0.03 








Ca 40 


3 .74 f . 03 


3.731 l ' 


pf)206 


1.73 4- 0.03 








Ca 40 


3.9 t 0.1 


3.900 


Pb" 


2.620 0.020 


2.61425 


r 


Iron 


Fc" 


0.123 0.0012 


0.1228 


Bismuth Bi 209 


0.904 0.009 








Fi* 08 


0.847 0.008 


0.845 ' 


Bi 209 


1.615 t 0.016 








Fe 


1.241 0.012 


1.24 ' 


Bi~t 


2.600 0.020 
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threshold for this line has been found to be tit a neu- 
tron energy of 3.45 0.05 Mev, corresponding to a 
center of mass energy of 3.36 Mev. Since tbe energy 
of the first excited state of Ca 40 found by Buechner 
et al.j* by proton inelastic scattering was 3.35 0.01 
Mev, these results form a strong argument that this 
state has zero spin and even parity, in agreement with 
the original suggestion of Scharff-Goldhaber 8 concern- 
ing the nature of this level. These results are also con- 
firmed by Bonner ct <j/., l who found nuclear pairs of 
3.46 0.1 Mev from proton bombardment of Ca. 

CROSS-SECTION MEASUREMENTS 

The problem of obtaining cross sections for reac- 
tions of the type discussed here is considerably more 



complicated than in many other neutron reactions, 
where all one often needs to know is the relative sen- 
sitivity of the detector as a function of neutron energy. 
The reason is that one has to make absolute measure- 
ments of both the neutron flux incident on thescatterer 
and the gamma-ray yield. Since entirely different 
problems arc involved in making absolute measure- 
ments of neutrons and gamma rays they will be dis- 
cussed separately. 

GAMMA-RAY YIELD MEASUREMENTS 

There are two approaches that have been followed 
in making gamma-ray yield measurements in neutron 
inelastic scattering reactions. The first is to calculate 
the efficiency of the Nal counter as a function of 
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Figure 4. Pulse-height distributions obtained with a Ca ring. The photo- 
peaks of the gamma rays produced by neutron interactions with Ca 
are identified by their energies in Mev; however, in (c) the peaks 
identified are the pair peaks of 3.74- and 3.9-Mev gamma rays 

energy. This is easily done for a point source if one 
wishes the probability for a count to be produced in 
the detector. However, because of the background 
problems one can generally use only the photopeaks 
in measuring gamma-ray yields, hence it is necessary 
to multiply the calculated total efficiency by the ratio 
of the area under the photopeak to the total area 
under the pulse-height distribution. This ratio is gen- 




Figure 5. Photo peak efficiency of a Nal crystal 2.57 cm long and 2.54 
cm in diameter for ring sources placed symmetrically about the crystal 
as in Fig. }. The sources were enclosed in toroids of rectangular cross 
section with the following dimensions: (a) od = 7.08 cm, id = 5.08 cm, 
thickness - 1.00cm;(b)od = 10. 16 cm, id = 5.08 cm, thickness - 1.27 
cm. The curves have been corrected for self-absorption in the sources 

erally obtained expcrimen tally, although some calcu- 
lations on it have been performed. 11 If one has an ex- 
tended source of gamma rays, which is generally the 
case in neutron inelastic scattering measurements, the 
calculation of the total crystal efficiency is more tedi- 
ous, although no more difficult in principle than for a 
point source. 

The second method is to obtain the counter effi- 
ciency experimentally by employing gam ma- ray 
sources of known strength. A number of radionuclides 
with simple decay schemes are suitable for this pur- 
pose; e.g., Au m , Nb 96 , Sc 46 , Na 24 . It is possible to 
measure the absolute decay rate of these by coinci- 
dence or 4ir counting. A calibrated source of this kind 
can be put in solution and placed in a container hav- 
ing the same size as the scattering sample used in the 
neutron experiments. The efficiency of the Nal counter 
for an extended source can then be obtained directly 
without further calculation. An accuracy of five per 
cent or better can easily be obtained by this method. 
Figure 5 shows the results obtained for a crystal 
2.57 cm long and 2.54 cm in diameter for two differ- 
ent source sizes. 6 The fortuitous circumstance that 
the photopeak efficiency versus gamma-ray energy is 
linear on a log-log plot makes interpolation between 
the calibration points quite reliable over the energy 
range from 0.5 to 2.8 Mev. At higher and lower 
gamma-ray energies one must resort to the semi-em- 
pirical procedure described first. 
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In order to gel reasonable counting rates one is usu- 
ally forced to use scattering samples for which the 
self-absorption of the gamma rays is not negligible. 
Calculation of this is made difficult by the uncertainty 
in how much to modify the Compton scattering cross 
section because of the "poor geometry/' To a first 
approximation one might consider the Compton scat- 
tering as inelastic scattering which degrades the 
gamma-ray energy below the region accepted in the 
photopcak of the Nal counter. Gamma-ray transmis- 
sion experiments" in a geometry close to that used in 
the neutron inelastic scattering experiments give ef- 
fective Compton cross sections that agree within a 
few per cent with the cross sections calculated from 
this consideration. From this work it appears that cor- 
rections of 25 50 per cent can be calculated with an 
uncertainty of about 1 2 per cent. At low gamma-ray 
energies (<2(K) kev) this simple way of considering 
Compton scattering as inelastic scattering no longer 
holds, and it is easier to determine the absorption 
coefficients experimentally. 

Kiehn and Goodman 1 - have measured the counter 
efficiency and scatterer self-absorption simultaneously 
in an ingenious way. After first measuring the yield of 
850-kev gamma rays produced by neutron inelastic 
scattering from iron shot placed in a suitable 1 con- 
tainer, they then coated the shot with a known 
amount of Mn Bt . Since the gamma ray from Mn 61 is 
very close in energy to that observed in iron inelastic 
scattering, they were able to get the product of coun- 
ter efficiency times self-absorption directly. Extra- 
polation to other energies and other materials was 
made by applying first -order corrections. 

NEUTRON FLUX MEASUREMENTS 

The problem of making absolute measurements of 
fast neutron fluxes is treated in detail in another paper 
here. 13 Therefore, only a brief discussion of the ones 
that have been used in connection with inelastic 
scattering measurements will be given. The most 
accurate is the "associated particle" method. This 
method not only aids in reducing the neutron back- 
ground but also gives the neutron ilux directly. How- 
ever the problem of detecting the associated particle 
has thus far limited its use to the H a (r/,/*)He 4 reaction. 

The second method of flux measurement depends on 
a knowledge of the cross section for the neutron source 
reaction. Then if one knows the target thickness and 
the intensity of the bombarding ion beam, the number 
of neutrons is easily calculated. Because of the uncer- 
tainties in the published cross sections, the accuracy 
of this method is probably not better than 10 per cent. 

The third method makes use of a neutron detector 
that can be calibrated or whose efficiency can be cal- 
culated. Examples here are the "counter telescope/' 
hydrogen recoil proportional counter, and "long 
counter." 13 Of these the long counter is the easiest to 
use. Since its efficiency is very nearly constant over a 
wide energy range, it can be quickly calibrated with 
the aid of a neutron source (such as KaHe) of known 
strength. 



Closely allied with the problem of neutron flux 
measurement is that of correcting for neutron multiple 
scattering in the scatterer. Ordinarily one assumes an 
exponential neutron flux distribution in the scatterer; 
however, after being scattered once there is often a 
good chance that a neutron will be scattered again. 
The probability for this depends on the dimensions of 
the scatterer and the scattering cross sections. If one 
assumes that a plane wave of neutrons is normally 
incident on the scatterer, the gamma-ray yields result- 
ing from the first and second scatterings can be 
written 



A' (l ~ 



(ft 



<iil 



(1 - f " I )di1(i\' 



(1) 



(2) 



where A'n is the number of neutrons incident on the 
scatterer, a t and <r in are the total and inelastic scatter- 
ing cross sections, M the total attenuation coefficient, d 
the scatterer thickness, da/dil the differential scatter- 
ing cross section, / the neutron path length to the sur- 
face of the ring after the first scattering, and k the 
fraction of neutrons that can produce an inelastic 
event after their first interaction. Calculations of 
successive scatterings become increasingly tedious by 
this method; however, detailed Monte Carlo calcula- 
tions have shown that Pi+\/Pi is very nearly constant 
in many cases (/'/ is the probability of the /'th colli- 
sion). Thus the two equations above are sufficient for 
one to calculate the entire effect due to multiple scat- 
tering in small samples. 

In order to test the accuracy of the calculations out- 
lined above, the cross section for producing the 850- 
kev gamma ray in Fe has been measured 8 for a number 
of scattering rings of different sixes. Figure 6 shows 
the cross section* calculated from Equation 1 plotted 
against ring thickness, along with this cross section 
after correction for multiple scattering. The agreement 
of the corrected cross sections is remarkably good and 
indicates that the multiple scattering problem is well 
understood. An interesting result of this experiment is 
the fact that the correction is appreciable even for the 
smaller rings. This indicates that it is not worth while 
to sacrifice gamma-ray intensity by making a sample 
small in an attempt to avoid the problem of multiple 
scattering corrections. 

With sufficient care it is possible in some cases to 
measure the cross sections for excitation of gamma 
rays in neutron inelastic scattering to an accuracy of 
5 per cent. However, the subtraction of backgrounds 
often introduces the greatest uncertainty, hence in 
most cases a more reasonable figure for the accuracy 
of these cross-section measurements is 10 per cent. 
This figure applies to the stronger lines that are well 
resolved from other gamma rays in a pulse-height 

* Since the measurements were made at only one angle, this 
cross section is really 4* times the differential cross section at 95 
degrees. 
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Figure 6. Cross section for excitation of the 850-kev gamma ray In Fe 
by neutron inelastic scattering as measured with rings of different 
sizes. The inner and outer diameters were 5.08 cm and 7.08 cm, respec- 
tively, with only the axial thickness being varied. The circles give the 
cross sections cclculated from Equation 1 , while the triangles give these 
cross sections after correction for multiple neutron scattering. The solid 
curve shows the theoretical variation of the gamma-ray yield caused 
by multiple scattering 

spectrum. The problem of separating out the back- 
ground in a complicated spectrum and obtaining the 
contributions of the less intense gamma rays is often 
so difficult that uncertainties as great as a factor of 
two can occur. 

ANGULAR DISTRIBUTIONS 

In order to get the total cross section for exciting a 
level by neutron inelastic scattering one must measure 
the angular distribution of the gamma rays emitted 
during the de-excitation of the level. An exception to 
this occurs if one knows that the level has a spin of 
or }, in which case the radiation is isotropic. The 
problem of measuring the angular distribution is sim- 
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Figure 7. Angular distribution of the 850-kev gamma ray produced by 
inelastic neutron scattering in Fe. The solid curve is a least squares fit 
to the experimental data, corrected for the finite size of the scatterer 
and the detector crystal. The theoretical curves were calculated from 
the Hauser-Feshbach theory, using a complex square well potential with 
V = 42 Mev, r as shown, and ft - 1.45 X NT"*** cm 

plified by the fact that it must be symmetric about 
9() degrees. The reason is that the gamma-emitting 
level? are sufficiently narrow so that there is no over- 
lapping, hence interference effects cannot occur. 
However, in practice it is customary to measure the 
angular distribution over as wide a range as possible 
in order to be sure that: no asymmetries are being 
introduced by the experimental technique. 

One method of measuring angular distributions is 
to use the ring geometry (Fig. 1) and move the detec- 
tor along the axis of the ring to obtain the different 
scattering angles. The two disadvantages of this 
method are that the angular resolution varies with the 
angle of observation and corrections must be applied 
for the change of detector efficiency with angle. 
However, the method has the advantage over the one 
described below of providing higher counting rates 
except at small angles. This method has been used by 
Day and Walt to measure the angular distribution of 
several gamma rays, including the 850-kev gamma 
ray from Fe 58 . The angular distribution of the latter 
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Figure 9. Neutron inelastic scattering by Bi as a function of energy. The dashed curve was calculated from the Hauser-Feshbach theory 

exhibits terms up to cos 4 0, which demonstrates that 
the spin of the level is > 2. 

A second way of measuring angular distributions is 
to rotate the detector about the scatterer. With a col- 
limated beam of 1.7-Mev neutrons incident on an iron 
scaltercr, Lincl and Van Loef 1 1 have used this method 
to investigate the angular distribution of the 850-kev 
gamma ray. Their results arc shown in Fig. 7. The 
theoretical curves shown here are calculated from the 
theory of Mauser and Feshbach, 16 modified for a com- 
plex square well potential with I'o = 42 Mev, and 
R ~ 1.4 X 10 n A^ cm. It is interesting to note that 
the best fit is obtained for f = 0.2, which is much 
larger than the value of f used by Weisskopf el a/. 16 to 
fit the neutron total cross section data up to 3 Mev. 
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EXCITATION FUNCTIONS 

In contrast to reactions involving charged particles, 
neutron inelastic scattering usually has an observable 
threshold that agrees with the one calculated from the 
energy of the level that is excited. This fact is of use in 
understanding the decay scheme of various nuclei, 
since the approximate energy of the level emitting a 
particular gamma ray can be obtained from the 
threshold for the gamma ray. An example of this was 
given previously for Ca 40 . 

While most of the results on gamma rays from neu- 
tron inelastic scattering have been obtained for neu- 
tron energies near 3 Mev, there has been some work as 
a function of neutron energy. Figures 80 give the 
excitation curves obtained by Kiehn and Goodman 12 
for Fe and Hi. Although they used scatterers of the 
order of a mean free path thick, no corrections were 
made for multiple neutron scattering. Therefore, the 
cross-section scale for these curves is expected to be in 
error by perhaps 50 per cent. In addition, it is possible 
that spurious resonances could appear in the inelastic 
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Figure 1 0. Neutron inelastic scattering by iodine as a function of energy. 
The bottom curve gives the sum of the cross sections for the 62-, 208-, 
435-, and 632-kev gamma rays. The dashed curves were calculated 
from the Hauser-Feshbach theory, using a complex square well poten- 
tial with V - 42 Mev, r = 0.2, and ft =- 1.45 X 1<r"A** cm 
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scattering excitation curve as a result of increased 
multiple scattering at elastic scattering resonances. 
The shape of the curves, however, can probably be 
used as a guide to the behavior of the inelastic cross 
section with neutron energy. 

Some work of this type has also been carried out by 
Lind and Van Loef 14 using smaller scatterers than 
those used by Kiehn and Goodman. Figure 10 shows 
their results on the excitation of the low excited states 
of I 127 . The dashed curves are theoretical excitation 
functions, based on the Hauser-Feshbach theory, for 
several assumed values for the spin of these states. 
In these calculations a complex square well po- 
tential was used, with To = 42 Mev, f = 0.2, and 
A = 1.45 X 10 13 /l^cm. 
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Angular Distributions and Non-Elastic Neutron Scattering 



By Martin Walt,* USA 



In discussing the interaction of fast neutrons with 
nuclei it is convenient to consider separately the reso- 
nance and nonresonance energy regions. In the reso- 
nance region, which consists of energies below several 
Mev for very light elements and energies below sev- 
eral hundred kev for most heavy elements, observed 
quantities such as the total cross-sections, the non- 
elastic cross-sections, and the differential elastic cross- 
sections show rapid fluctuations with small changes in 
energy. The nature of these fluctuations is determined 
largely by the characteristics of the compound states 
responsible for the resonances. These rapid fluctua- 
tions make it diflicult to discuss in general terms the 
interaction of neutrons with nuclei in the resonance 
region. At higher bombarding energies the widths of 
the resonances become comparable to the distances 
between resonances, and the observed cross-sections 
become slowly varying functions of energy. The en- 
ergy range where this condition obtains is called the 
continuum region. 

In the past few years many measurements have been 
made in the continuum energy region of the differen- 
tial cross-sections for elastic scattering of fast neu- 
trons 1 " 7 and of the non-elastic cross-sections. 8 " 11 
These cross-sections showed the expected slow changes 
with energy: However, it was also found that the 
angular distributions at all energies so far investi- 
gated, and the non-elastic cross-sections at energies 
above a few Mev varied in a systematic way with the 
atomic number of the target nucleus. Tt is possible, 
therefore, to describe the differential elastic cross-sec- 
tions and the non-elastic cross-sections in rather gen- 
eral terms, and in particular to determine the manner 
in which these cross-sections vary as a function of 
neutron energy and of atomic weight. 

The present report will deal with the existing data 
on angular distributions of elastically scattered neu- 
trons and on non-elastic cross-sections in the con- 
tinuum energy region. 

ANGULAR DISTRIBUTIONS OF ELASTICALLY 
SCATTERED NEUTRONS 

At low neutron bombarding energies the curves of 
differential cross-section plotted as a function of the 
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scattering angle are rather Hat except for a single maxi- 
mum in the forward direction. As the bombarding en- 
ergy is increased this forward peak becomes more pro- 
nounced and secondary maxima appear at larger 
angles. These secondary maxima move to smaller 
angles as the bombarding energy is further increased. 
At bombarding energies of several Mev a large frac- 
tion of the elastic scattering is concentrated in the 
small forward angles. This behavior is illustrated for 
the case of a heavy element in Fig. 1. The differential 
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Figure 1. Differential cross section for elastic scattering of neutrons by 

a heavy element. The curve at 2.5 Mev is for Bi; the curves at all other 

energies were obtained using a Pb scatterer 
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cross-section is plotted as a function of the cosine of 
the scattering angle at a number of energies beginning 
with 600 kev at the top of the graph and ending with 
14 Mev at the lowest curve. The vertical scale for 
each energy is displaced from those of the adjacent 
energies to minimize overlapping of the curves. The 
data shown in Fig. 1 have been obtained from several 
investigators 1 " 8 under a variety of experimental con- 
ditions. Since the angular resolution, energy resolu- 
tion, and multiple scattering effects are not the same 
for the different experiments, the comparison of the 
curves should be limited to the general shapes rather 
than to absolute values of the cross-sections. Also, 
some of the results shown are still preliminary and 
further corrections may affect the absolute values. 
The curve for 2.5 Mev was measured using Bi as the 
scatterer; the curves at all other energies were ob- 
tained with Pb. For the present comparison the dif- 
ferences in the cross-sections of the two elements are 
not important. The variation in the shape of the curve 
with increasing energy can be seen to progress from a 
relatively flat distribution, peaked in the forward 
direction, at 600 kev to a more complicated distribu- 
tion at higher energies. The measurements at 14 Mev 
did not extend beyond 68 degrees. However, from 
measurements of the total cross-section and the non- 
elastic cross-section of Pb it. has been determined that 
probably less than 10 per cent of the elastic scattering 
takes place at angles greater than 68 degrees. 

At a given energy the differential cross section curve 
of an element is closely related to the number of nu- 
cleons in the nucleus. Elements with nearly the same 
atomic weight have almost identical differential cross- 
section curves, while the curves of elements having 
very different atomic weights are quite dissimilar. In 
Fig. 2 the differential cross sections for elastic scatter- 
ing of 1-Mev neutrons by a number of elements are 
plotted as a function of the cosine of the scattering 
angle. As the number o nucleons in the scattering 
nucleus increases, the shape of the differential cross- 
section curve undergoes variations similar to the slow 
changes in shape which acx:ompany increasing bom- 
barding energy. With increasing atomic number the 
shape of the differential cross section curve becomes 
more complex, the forward maximum increases in 
magnitude, and the secondary maxima move to 
smaller angles. Experiments carried out at 3.7 Mev 2 - 5 
and at 4.1 Mev 8 show that the systematic changes 
illustrated in the curves at 1 Mev in Fig. 2 also occur 
at higher energies. 

The regular variation of the angular distributions 
with energy and with atomic weight makes it possible 
to approximate the angular distribution of an element 
whose differential cross-section has not. been measured 
by interpolating between curves of neighboring ele- 
ments whose cross-sections have been measured at the 
same energy. Similarly an interpolation can be made 
to obtain a differential cross-section curve at any 
desired energy if the cross-section of that element or 
neighboring elements has been measured at nearby 
energies. 




Figure 2. Differential cross sections for elastic scattering of 1-Mev 
neutrons by 28 elements 

The angular distributions of neutrons elastically 
scattered from fissionable elements are of considerable 
importance in reactor calculations, and for this reason 
results are given in Figs. 3, 4, and 5. 7>8>15 

NON-ELASTIC CROSS SECTIONS 

The non-elastic cross-section is the cross-section for 
all processes except elastic scattering. At low energies 
this cross-see tion is due primarily to reactions such as 
the (,) and (n,y) reactions. However, at interme- 
diate energies above several hundred kilovolts and be- 
low many Mev these reactions are in general small, 




Figure 3. Differential cross sections for elastic scattering of 0.5-, 1.0- 
and 2.5-Mev neutrons from U m 



20 



VOL II 



P/588 



USA 



M. WALT 



Figure 4. Differential cross sections for elastic scattering of 0.5- and 
1.0-Mev neutrons by U 238 
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5. Differential cross sections for elastic scattering of 0.5- and 
1.0-Mev neutrons from Pu 2att 
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Figure 6. Non-elastic cross section (in barns) of Fe as a 
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Figure 7. Non-elastic cross section (in barns) of Pb as a function of 
neutron energy 
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Figure 8. Non-elastic cross sections at 1-Mev neutron energy for 27 
elements. The x's denote cross sections obtained by subtracting meas- 
ured elastic cross sections from the total cross sections and have rather 
large errors. The open circles were obtained from sphere transmission 
measurements 
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Figure 9. Non-elastic cross sections of fifteen elements at 4 Mev. The 
x's denote cross sections obtained by subtracting measured elastic 
cross sections from the total cross sections and have probable errors of 
0.2 to 0.3" barns. The cross sections indicated by open circles were 
obtained by sphere transmission measurements 
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and the non-elastic interaction consists almost en- 
tirely of inelastic scattering processes. Above many 
Mev processes such as the (n,2n) reaction become 
important. 

Since an inelastic scattering event can occur only 
if the neutron energy is greater than the energy of 
the first excited state of the target nucleus, non-elastic 
cross-sections in the continuum region are small below 
a threshold determined by the energy of the first ex- 
cited state of the target nucleus. As bombarding en- 
ergy is increased above this threshold the non-elastic 
cross-section for a given element rises until it ap- 
proaches a plateau where it is about one third to one 
half the total neutron cross-section at that energy. 
The energy at which this plateau is reached is usu- 
ally between 3 and 6 Mev. In most of the cases for 
which data exists, the inelastic cross-section decreases 
slightly in absolute value as the energy is increased 
from about 6 Mev to 14 Mev. 

Figure 6 illustrates the energy variation of the non- 
elastic cross section for a typical case, iron. These 
data have been collected from a number of experi- 
ments, the references to which are listed on the figure. 
Most of the values were obtained by sphere transmis- 
sion measurements with monoenergetic neutron 
sources. The other points were measured by sphere 
transmissions with b road-energy -spectrum neutron 
sources, by subtracting measured elastic cross-sections 
from the total cross-sections, and by observing the 
gamma rays resulting from the decay of excited states 
of the residual nucleus following an inelastic, scatter- 
ing event. The first excited slate of the principal iso- 
tope of iron is at 850 kcv, so that below Ihis value the 
non-elastic cross-section is expected to be very small. 
Above this threshold the cross-section rises to a 
plateau at about 5 Mev where the value is about 
40 per cent of the total cross-section. The value near 
14 Mev may be slightly lower than the values near 
5 Mev although in this case the experimental errors 
are too large to make this decrease definite. Another 
example of the variation of the non-elastic cross-sec- 
tion with energy is shown in Fig. 7 where the non- 
elastic cross-section of Pb is plotted as a function of 
energy. The cross-section rises from a threshold at 
about 0.5 Mev and passes through a maximum near 
7 Mev where it is about 45 per cent of the total 
cross-section. 

Since the non-elastic cross-sections rise rapidly 
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Figure 10. Non-elastic cross section of U 238 
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Figure 1 1. Non-elastic cross section of U* 3 * 

above a threshold energy determined primarily by the 
location of the first excited state, values of the non- 
elastic cross-section of different elements measured at 
an energy comparable to the threshold values for 
most elements would be expected to vary from ele- 
ment to element, depending upon whether the thresh- 
old for inelastic scattering is near to or far below the 
bombarding energy. Figure 8 is a plot of the non- 
elastic cross-sections at 1 Mev for 27 elements. 1 - 10 
Most of the values, the ones represented by crosses, 
were obtained by subtracting the elastic cross-sections 
from the total cross-sections; and, due to large un- 
certainties in the measurements of the elastic cross- 
sections, these points may be considerably in error. 
However, they are accurate enough to illustrate the 
large differences in the non-elastic cross-sections of 
various elements. The values indicated by the open 
circles were obtained by sphere transmission meas- 
urements and are shown with their probable errors. 
It is interesting to note that the non-elastic cross-sec- 
tions of the magic number nuclei Sn, Ba, Ce, Pb, and 
Hi at A equal to 119, 137, 140, 207, and 209, respec- 
tively, are considerably smaller than the cross-sections 
of their non-magic neighbors, a phenomenon which 
can be explained by the relatively high energies of 
the first excited states of these nuclei. 

At energies of several Mev, where most elements 
have many levels available for inelastic scattering, the 
variation of non-elastic cross-section with atomic 
weight becomes much less rapid. Figure 9 shows the 
non-elastic cross-sections of 15 elements at 4 Mev 
neutron energy. 3 - 10 With the exception of Pb and Bi 
all observed points lie on a smooth curve, the non- 
elastic cross-section increasing with increasing atomic 
weight. 

Figures 10 and 11 give the non-elastic cross-sections 
of U 238 and U 236 at several energies. The non-elastic 
cross-section of U 23B is not expected to exhibit the 
threshold character shown by other elements since the 
fission cross-section, included in the nonelastic, does 
not decrease with decreas ng energy. 
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The Theoretical Prediction of Neutron Cross-Sections of 
Non-Fissionable Elements for Energies up to 10 Mev 

By Victor F. Weisskopf,* USA 



The exact theoretical calculation of neutron cross- 
sections must be based upon our knowledge of the 
interaction between nucleons within the nuclei. This 
knowledge is not available at present. A great deal of 
information is collected in regard to the interaction of 
two isolated nucleons. The properties of the deuteron 
are quite well understood and analyzed, and the 
proton-proton and neutron-proton scattering experi- 
ments have established the phase shifts from low 
energy up to any energy value which might conceiva- 
bly play a role in a nucleus. However, one has not suc- 
ceeded in finding a potential depending on the relative 
distance, spin and isotopic spin, and which reproduces 
the observed phase shifts. Although some promising 
progress was made in this direction, it is not possible 
at present to incorporate the observed dependence of 
the phase shifts on the polarization. * 

Even if we had a valid potential for the two-nucleon 
interaction, it would be far from sure that the same 
potential is active within the nucleus when more than 
two nucleons are at distances within the nuclear 
ranges. Almost any of the present meson "theories" 
of nuclear forces would give rise to a change of 
nucleon-nucleon interaction when a third nucleon or 
more arc near by, simply because of the mutual dis- 
turbance of the meson clouds. Further indications of 
this effect are the difficulties encountered in trying to 
explain the saturation of nuclear binding energies and 
densities on the basis of the observed two-body inter- 
actions. It is not established yet whether the latter 
contain enough repulsion at the correct range in order 
to account for the observed saturation. 

The apparent lack of nucleon interaction within the 
nucleus, as observed in the shell structure of nuclei 
and related phenomena, should not be considered as 
an argument for changed (weakened) nuclear forces 
within the nucleus. It is possible, though not yet 
shown, that these phenomena are consequences of the 
peculiar properties of low excited states of strongly 
interacting systems of Fermions. 

Because of our ignorance in respect to the nature of 
nuclear forces within the nucleus, any theory of nu- 
clear cross sections must necessarily be phenomeno- 
logical and semi-empirical. It must be based upon some 



general properties of obstacles placed in the way of 
the incident beam, and any more specific theoretical 
predictions will of necessity be based upon generaliza- 
tions of empirical material. 

We define the cross-sections as follows. We con- 
sider a neutron reaction: 



n + X = )' + 6 



(1) 



where A' is the target nucleus, V is the residual nucleus, 
and b the emerging particle. Y and b are identical to 
X and n in the case of scattering. We introduce the 
total cross-section <r^ which includes every effect that 
removes a neutron from the parallel incident beam. 
We subdivide it into two parts: 



+ 



(2) 



the elastic scattering cross-section o^, and the reaction 
cross-section <r r . The former includes the processes in 
which the residual nucleus is identical to the target 
nucleus and also is left in the same quantum state as 
the target. This quantum state is always the ground 
state. In case the latter is degenerated, because of 
non-vanishing nuclear spin, one introduces a channel 
spin, which is the combined angular momentum of the 
intrinsic spin J^ of the incoming neutron and the spin 
of the target nucleus. The elastic scattering then con- 
tains all processes in which the channel spin is un- 
changed. The reaction cross-section then contains all 
genuine nuclear reactions, the inelastic scattering and 
also the scattering in which the channel spin changes, 
but the energy of the neutron remains unchanged. 

The cross-sections defined in Equation 2 will be 
called "the bulk cross-sections," in contrast to the 
cross-sections of the different special reactions. The 
reaction cross-section ov plays the role of an absorption 
cross section since it describes the amount of neutrons 
which are removed from the entrance channel of the 
reaction. 

The detailed cross-sections of the different nuclear 
reactions are all contained in o>, which can be split 
into the sum of special reaction cross-sections: 



(3) 



Here a inf .i is the cross-section for inelastic scattering, 

* Massachusetts Institute of Technology. Including work by _ j _/ i,\ rtrr - crkrir i r i c +~ fU~ ( M i,\ -~ Q ,**:,* f rt - 
C. E. Porter, Brookhaven National Laboratory, and I II. Fesh- * nd *(>\ corresponds to the (n,b) reaction for 
bach, Massachusetts Institute of Technology. b 7* n, as indicated in Equation 1. Obviously each 
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of these cross-sections can be subdivided again into the 
parts corresponding to different excitations E r of the 
residual nucleus: 



and each cross-section represents an integral over the 
differential cross-sections for a given angle of escape of 
the secondary particle. 

All cross-sections are, of course, functions of the en- 
ergy c of the incident neutron. The most characteristic 
feature of this dependence is the existence of reso- 
nances. The widths F and distances I) of these reso- 
nances are strongly energy dependent and vary much 
from nucleus to nucleus. In general, the heavier the 
nucleus, the smaller the widths and distances. The 
widths increase with higher e and, when T becomes of 
the order of I), the resonances disappear. For heavier 
nuclei, this happens at energies of several Mcv. 

Apart from the very light nuclei, the distances be- 
tween resonances are small enough (say D < 1C) 4 ev), 
so that it appears practicable to introduce average 
values of the cross-sections over energy intervals /, 
which contain many resonances. In this case it turns 
out to be advantageous to define these averages as 
follows: 



r/e 

w 



(5) 



where k is the wave number of the incident neutron: 
= h*k*/2m and k 1 is the average jfc 2 in the energy 
interval T. These averages and their energy depend- 
ence will be called the gross structure of the cross-sec- 
tions. The actual resonance behavior will be referred 
to as the fine structure. This distinction is important, 
since much more can be predicted theoretically about 
the gross structure than about the fine structure. 

The introduction of the gross structure suggests a 
division of the elastic cross-section into two parts. As 
is well known, the amplitude of the elastic scattering 
in a subwave of given angular momentum is propor- 
tional to (1 rn\ where 



and 6| is the (complex) phase shift. The gross struc- 
ture of the elastic scattering, therefore, is proportional 
to (|1 ijtl 2 ), where the symbol ( ) signifies an aver- 
age over resonances within the previously used interval 
7. We write: 



where |Aiji| 2 is the absolute mean square fluctuation of 

l^v/l 2 = Kvi>l a (Ivil 2 ) 

This split suggests a corresponding split in the elastic- 
cross section: 



Here O is the proportionality constant between the 
elastic cross-section v 9 i (l} of the /th subwave and the 
factor 1 1 ijjl 2 . We call <r,, (/) the shape elastic cross- 
section and <r c (l) the fluctuation elastic, or compound 
elastic cross-section. One can easily show that a ee cor- 
responds to that part of the average elastic scattering 
which goes via compound state formation; this is 
shown by substituting the Breit-Wigner expression for 
rj t . In discussing gross structure cross-sections, it is 
then useful to combine this part of the scattering with 
the average reaction cross section: 

0. -L_ A,- \ p (6) 

and one obtains a magnitude <r c which is best described 
by the name " cross-section for the formation of a com- 
pound system." It must be emphasized, however, that 
o> includes any kind of nuclear reaction, also those 
which do not fit the orthodox picture of the formation 
of a compound nucleus and its independent decay. 

There is an important parallel in the gross-structure 
and fine-structure relations. One can easily verify: 



r r > = 0(1 - 



fine structure 



gross structure 



The gross structure cross-sections (r ge and a e can be 
represented as being the elastic scattering and the ab- 
sorption cross-section of a new scattering problem 
whose scattering amplitudes are the slowly varying 
averages of the actual amplitudes. 

The distinction between gross and fine structure is 
important only in the lower energy regions where 
resonances occur. When the resonances merge, the 
fluctuations of the cross-sections and of rji become 
small and both structures become identical. As a con- 
sequence we get in that limit <r c . = and <r c <r r . 

3. Some success has been achieved in the theoretical 
prediction of the gross structure of neutron cross-sec- 
tions. It has been assumed that the average scattering 
amplitudes (rji) can be considered as equal to the 
scattering amplitudes of a model in which the effect of 
the nucleus upon the incident neutron is described by 
a complex potential: 

1' = Vo(r) + i\'i(r) (7) 

The real part is a representation of the average poten- 
tial energy to which the neutron is subjected when 
passing through the nucleus; the imaginary part indi- 
cates the strength and location of those processes 
which lead to an energy exchange of the neutron with 
the target nucleus. 

The representation of the nucleus by a complex 
potential, as in Equation (7) is called the optical 
model of the nucleus. It was first introduced by 
Serber, Fernbach and Taylor 1 for use at higher ener- 
gies and later was extended to low energies by Fesh- 
bach, Porter and Weisskopf. 2 

The simplest possible form for the functions Fo(r) 
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and Fi(r) is a square well. For F (r) one would choose 
a potential which gives rise to the correct shell struc- 
ture of the nucleus. This is a potential with a depth of 
30 to 40 Mcv and a radius R ~ 1.40 X 10~ 13 cm. This 
radius seems large compared to the recent electron 
scattering and u-meson-speclroscopy results, which 
indicate a nuclear radius of about 1.2 X lO-'M^cm. 
It must not be forgotten, however, that the latter 
experiments measure the extension of the proton dis- 
tribution and perhaps the extension of the mass dis- 
tribution, if it is allowed to assume that protons and 
neutrons occupy roughly the same volume. The nu- 
clear potential F(r), on the other hand, reaches 
further out because of the range of the nuclear forces, 
thus producing a larger radius for V than for the mass 
distribution. 

The imaginary potential V\(r) should, in first ap- 
proximation, have the same shape as F (r). One can 
estimate its magnitude for r < R by means of the 
following simple consideration: 

The imaginary potential describes the probability 
of energy exchange of the incoming neutron with the 
nucleons in the target nucleus. In fact, one can ex- 
press the mean free path A in nuclear matter of the 
neutron: 



_ r2(/.;+ v )l*/ftA 

A "L "s~"J W 



This mean free path can be estimated in a very rough 
way by calculating the collision probability of the in- 
coming neutron on the basis of the known scattering 
cross-sections between isolated nucleons. 3 The Pauli 
principle forbids any collisions in which the nucleons 
within the nucleus lose energy, since they must end up 
in unoccupied levels. A calculation on this basis gives 
rise to an imaginary potential as a function of energy 
which starts with about 2 Mev at low energy and rises 
slowly to reach a maximum at about 50 Mev, (see 
Fig. 1) then it slowly drops to smaller values. The in- 
crease is due to the fact that the Pauli principle is most 
prohibitive at low incident energies; it loses its effect 
with rising energy. The elementary scattering cross- 
sections decrease, however, with increasing energy, 
and this produces the final drop in Fi at high energies. 
The cross-sections calculated from the square well 
complex potentials reproduce fairly well the observed 
gross structure, especially at low energies. Evidently 
the sharp edge of the square well potential cannot be 
an accurate picture of the situation. It would be more 
reasonable to assume edges in which the potential 
drops smoothly to zero in a surface zone of the dimen- 
sion of the range of nuclear forces. At low energy the 
difference between a sharp and a smooth edge will not 
be very significant. There are strong indications, how- 
ever, that the results would be better if the sharp edge 
of the square well were rounded-off by some smoother 
function. Such rounding-off is more important for 
higher energies. The angular distributions of clastic- 
sea ttering of 14 Mev neutrons and of protons around 
20 Mev can be reproduced satisfactorily only with a 
smooth potential well, as will be shown later on. 
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Figure 1. Imaginary part of nuclear potential calculated on the basis 
of nucleon-nucleon collisions. Curve A corresponds to a nuclear radius 
R -roA^,ro - 1.45 X 10~ I3 cm and curve B to r =* 1.2 X 10- 13 cm 



The best square well fit with the experiments in the 
first few Mev is at present: 
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We now compare the cross-sections derived from 
such a potential with the experimental material. 
There are three groups of data: (a) the total cross- 
sections <ft as functions of the energy and atomic 
number; (b) the cross-sections for the formation of the 
compound nucleus; and (r) the angular dependence of 
the elastic scattering. The data of group (a) are repre- 
sented in Figs. 2 and 3. They show the gross structure 
of the total cross sections in units of irR 2 as a function 
of the energy in units .r 2 = / 2 /* 2 antl * tne radius R. 
Figure 2 shows the experimental material, and Fig. 3 
shows the calculated values. The calculation seems to 
represent the most important features of the observed 
cross-sections. These graphs cover the region < .v- 
< 9, which corresponds to the first few Mev, up to 
( ) Mev for Al and up to 4 Mev for Ph. The most charac- 
teristic maxima and minima occur at lower energy. 
This is why the fair agreement between Figs. 2 and 3 
determines the constants of Filiation 8 of the poten- 
tial only for the first one or two Mev. 

Although the over-all similarity between the theo- 
retical and experimental curves is impressive, there 
are considerable differences in the details. The posi- 
tion and the magnitude of the maxima and minima 
are not exactly reproduced. Certainly the model is 
too crude for this. It was tried by R. O. Thomas 4 
without success to improve the details by introducing 
a spin-orbit coupling. Calculations with rounded edges 
of the square well potential are now under way. 

We now come to the cross-sections <r c for the forma- 
tion of the compound nucleus. The comparison with 
the experiment is sometimes made difficult by the fact 
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Figure 2 (Above). Observed neutron total cross section as a function of energy and radius ft, with ft = (1.26A-* -f- 0.7)10 l3 cm 
Figure 3 (Below). Neutron total cross sections as functions of energy and nuclear radius R as calculated on the basis of the potential of Equation 8 



that it also contains the compound-elastic scattering, 
which cannot easily be separated experimentally from 
the shape-elastic scattering. However, the theoretical 
predictions can be checked in the following way : The 
observed reaction cross-section must be smaller than 
<r c '' <*r < <TC, and the difference, the compound elastic 
cross section, should be appreciable only at relatively 
low energy and for nuclei for which little inelastic 
scattering is expected because of an insufficient 
number of excited states below the energy of the inci- 
dent neutron. 

A direct comparison between theory and experiment 
can be made, however, in the energy region where the 
resonance fine structure can be measured accurately. 
One uses the connection between <T O on the one hand, 



and the neutron width F n and the average distance D 
of the resonances, on the other. From the Breit- 
Wigner expressions one can derive the following 
relation: 



and hence the determination of <r c from the poten- 
tial in Equation 8 gives a theoretical prediction for 
F n /Z), which can be tested directly. Figure 4 shows 
the predicted dependence of V n /D upon A and the 
experimental values as determined by various au- 
thors. The predicted maxima occur for values of 
R = [ n + (yi)]L/2, where L is the wave length of the 
neutron inside the potential well. The two maxima 
near A 5= 50 and 170 are borne out by the experi- 
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200 

: igure 4. T n /O as a function of A. The solid wave is the theoretical 
>rediction on the basis of a square well with constants as listed. The 
xperimental points near A 50 are measurements by L. M. Bellinger, 
I E. Cote, J. M. LeBlanc, D. A. Dahlberg, R. R. Palmer, all of Argonne 
National Laboratory. The points near A = 150 are measured by 
Carter, Harvey, Hughes, and Pilcher, Phys. Rev. 96, 113 (1954) 

nents. The observed values between the maxima are 
ligher than predicted. It can be shown that a smoothi- 
ng of the edges of the potential removes this dis- 
:repancy. Quantitative data on this point are soon 
'or Incoming. The low maximum and the large spread 
)f the observed maximum at A ~ 170 has been ex- 
plained by Bohr and Mottelson, 5 who ascribe it to the 
itrong nuclear deformations which are found in that 
egion. The observed value of T n /D is expected to be 
iome average of the expected value over the radii 
anging between the smallest and largest radius of the 
leformed nucleus. 

The comparison of the theoretical results for cr c with 
.he experiments at higher energy is subject to the 
lifficulties mentioned before. Only parts of <r c are 
iirectly subject to measurements. Figure 5 shows as a 
unction of A the inelastic cross sections at 1 Mev as 
letermined by Walt and Barschall 6 and the theo- 
etical curve for <r c as determined 7 from Equation 8. 
The agreement is satisfactory if one bears in mind 
hat <Tin < <r c and that the difference the compound 
ilastic scattering is expected to be especially strong 
n the lighter nuclei around A = 50 because of the 
carcity of excited levels below 1 Mev. In this respect 
ead and bismuth behave just like light nuclei because 
>f their closed shells. 

The measurements of inelastic and reaction cross 
ections at higher energy have not yet been evaluated 



on the basis of the optical model. It can be said, how- 
ever, that they strongly indicate the increased absorp- 
tion, which is predicted in Fig. 1. For example, the 
reaction cross sections measured at 14 Mev 8 are 
all very close to the geometrical maximum value 
v(R + X) 2 , which is an indication of strong absorp- 
tion. It points to an imaginary potential Vz of at least 
10 Mev. 

A further group of experiments can be used to test 
the optical model of the gross structure of nuclear 
cross sections. It is the angular dependence of the 
elastic scattering. Also in this group the compound- 
elastic scattering introduces an element of uncer- 
tainty. The theory only determines the angular de- 
pendence of the shape-elastic cross-section. One 
observes, however, the sum of the shape-elastic and 
compound-elastic one. This difficulty is unimportant 
at higher energies, say > 4 Mev, but at 1 Mev the 
compound-elastic scattering can amount to as much 
as 10 to 20% of the total. Its angular distribution has 
a tendency to be uniform because of the numerous 
possibilities of angular momentum changes. 

Figures 6 and 7 show a comparison of the experi- 
mental data 8 all Mev and theoretical data for that 
energy calculated from the potential in Equation 8. 
Again we find good qualitative agreement. Not much 
more should be expected because of the missing com- 
pound-elastic scattering in the theory. 

Walt and Beyster 9 report good agreement of the ob- 
served angular dependence of neutron elastic scatter- 
ing at 4.1 Mev with the data as given by Equations 
8a and Sc. The imaginary part, however, had to be 
taken at least three times larger than Equation 8#, 
again supporting the theoretically predicted increase. 
At still higher energies one finds that the shape of the 
potential near the surface is of importance. Calcula- 
tions by Culler, Fernbach and Sherman 10 were made 
in order to fit the angular distributions of elastic scat- 
tering of neutrons as measured by J. Coon. 10 They ob- 
tain a good fit with a potential whose real part is 
rounded-off. Actually they approximate the rounding- 
off by a step function and use: 
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Figure 5. Observed reaction cross sections at 1 Mev as measured by 

Walt and Barschall, Phys. Rev. 93, 1062 (1954) and calculated cross 

section <r c for compound nucleus formation. The calculations are done by 

W. S. Emmerich 
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6. Angular dependence of elastic neutron scattering at 1 Mev as a function of cos and the radius as measured by Walt and 

Barschall, Phys. Rev. 93, 1062 (1954) 
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with (/ = 0.74 X l()"' la cm and R almost identical lo 
Kquation 8c. Again they find a greatly increased im- 
aginary potential at this high energy. 

On the basis of the results discussed, it is safe to say 
that theoretical predictions of the gross structure of 
the bulk cross-sections are possible with a suitable 
optical model of the nucleus. The gross structure is the 
average over resonances, and the bulk cross-sections 
are the total, elastic and reaction cross-sections. The 
prediction of the fine structure and the prediction of 
the detailed cross-sections of different nuclear reac- 
tions, however, are much more complicated problems 
which, to a large extent, are unsolved as yet. The 
problem of the fine structure is a problem of the posi- 
tion and of the shape of individual resonances. The 
shape of the resonances can be predicted by theory. 
The Hreil-Wigner 11 expressions determine the shape 
completely when two constants are given: The neu- 
tron width T H and the total width T. There exists no 
theory which gives the individual values for these 
widths. However, the optical theory of the nucleus 
predicts the average values of r m /f) and can be used 



therefore to estimate F,, when the level distances are 
known. The total width F consists of the contributions 
of all possible modes of decay of the compound 
nucleus and, at low energies, is mainly determined by 
the radiation with F 7 . The theory of the radiation 
width is not very reliable, but experiments have shown 
that, in heavy nuclei, l\ is always of the order of 
O.I ev. More detailed studies of this have been made 
recently by I). Hughes 1 - and collaborators. 

The actual position of the resonances cannot be pre- 
dicted in general; the only exceptions are perhaps the 
cases of some light nuclei in which resonances can be 
ascribed to certain well-defined configurations of the 
shell model. In this case position and strength can be 
calculated. 

Attempts have been made to obtain a theoretical 
or semi-empirical estimate of the density of resonances. 
Unfortunately these attempts were not too successful. 
One can, of course, construct expressions for the level 
density based upon some simple model of nuclear 
interaction. Bethe has used the independent particle 
model; others have used methods which take into 
account interactions. 13 It follows from general con- 
siderations that the level density w(E) should increase 
with energy in an exponential way, 

oj C exp (/*>) (0) 
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Figure 7 a (at top). Angular distribution of the elastic neutron 

scattering at 1 Mev (shape elastic only) as a function of cos 

and the radius ft, calculated with the potential of Equation 8 

Figure 7b. Angular distribution of the elastic neutron scattering 

at 1 Mev (shape elastic plus maximum compound elastic) as a 

function of cos and the radius ft f calculated with the potential 

of Equation 8 
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where n < 1. This relation is an asymptotic one only. 
Strong deviations, especially at low energy, are ex- 
pected, and one must be very careful, therefore, in 
using this expression for the prediction of nuclear 
properties. Even cursory inspection of nuclear spectra 
reveals that the level density increases very slowly in 
the first few Mev. An adjustment of this initial in- 
crease to Equation 9 gives much too low a density at 
E B, the binding energy of the neutron. This is the 
density observed with slow neutrons. Hence we have 
to assume a slow initial increase at low energy, which 
then turns into a rapid increase, in order to reach the 
observed value at B. The levels at lower excitation 
correspond to the ones expected on the basis of the 
shell theory from the single-particle excitations; 
whereas the subsequent increase reflects the large 
number of different kinds of motion (single-particle, 
many-particle excitation, surface oscillations, volume 
oscillations, etc.) which can be excited and which 
allow a statistical treatment of nuclear properties at 
higher excitation. 

The quantitative behavior of level densities is still 
almost completely unpredictable and unexplained. 
For a fixed excitation energy the even nuclei have a 
lower density than the odd ones. This is not surprising 
since the greater stability of even nuclei increases the 
energies of the different modes of excitation. At low 
energy (first few Mev) this difference usually amounts 
to a factor less than 10; whereas at E~ B differences 
by a factor 1000 are not uncommon. One of the more 
surprising features is the behavior of the level density 
at E = B as a function of ,-1. The density increases 
rapidly by many orders of magnitude from low A up 
to about A ^' 1(K) and then stays roughly within one 
order of magnitude (if nuclei of the same character, 
even or odd, are compared) for all nuclei above 
A -^ 100. It is also surprising that no clear dependence 
of the density on the angular momentum of the level 
has been found. 14 

It must be the aim of any theory of nuclear struc- 
ture to predict the cross sections of all nuclear reac- 
tions. The present state of theory is still very far from 
it. The most elaborate attempt is the theory of the 
compound nucleus which is based upon the assump- 
tion of independence of the compound nucleus from 
the way it was formed. Recent experimental material 
indicates that this independence hypothesis is some- 
what questionable and represents a limiting case 
which is not often realized. 16 

On the basis of the independence hypothesis, the 
cross-section of a reaction which leads from an en- 
trance channel r* to a channel # can be written in the 
form 

where <r c () is the cross-section for the formation of 
the compound nucleus, and G r ((t) is the relative prob- 
ability (branching ratio) for the decay of the com- 
pound nucleus into the channel 0. The gross structure 
of the cross-section <r,.(a) is directly given by the 
optical model as discussed earlier. The branching 



ratios G e (0) can be determined from formation cross 
sections by a reciprocity argument. The decay 
through a given channel is the inverse of the formation 
of a compound nucleus through the same channel. 
One gets: 

,. ^ r<0> _ v*0) 



where the k y are the wave numbers in the different 
decay channels, and <r e (y) are the cross-sections for 
compound nucleus formation in the channel y. In 
principle, these cross-sections could be calculated by 
the optical method. It is questionable, however, 
whether the imaginary potential that fits the ground 
state would be adequate to describe compound forma- 
tion with excited nuclei. Very probably excited nuclei 
absorb particles somewhat easier, since the Pauli ex- 
clusion principle is not quite so effective to prevent 
interaction. Within the accuracy of these theories, 
it is sufficient to determine the <r c (y) simply on the 
basis of a " black " nucleus (large imaginary potential) . 
Equation 10 leads to the following expression for an 
(a,b) reaction, where a is the incident and b the emerg- 
ing particle: 



*(o,b) 



where F(h) is given by 



<r.(a) - 

2, 



(12) 



(13) 



and the sum is extended over all open channels /8 that 
lead to an emission of b. If the excited states in which 
the residual nucleus can be left are numerous, this 
sum can be expressed in terms of an integral: 



with 



M* /"'" 

1 Jo 



t) 



(14) 

where M b is the mass of the particle and e^y is the 
maximum energy with which it can be emitted, and 
w(E) is the level density of the residual nucleus at the 
excitation E. The function I b (*) de gives the energy 
distribution of the particle b emerging from the 
reaction. 

The formulas described here do not include the 
effect of the conservation of angular momentum. One 
can refine the procedure by decomposing the reaction 
into the parts corresponding to a given angular 
momentum. 18 This refinement gives also predictions 
as to the angular distribution of the reaction products. 
This distribution depends upon the spins of the com- 
pound state and the residual nucleus. In a gross-struc- 
ture problem, where averages are taken over the 
compound resonances, this theory uses a statistical 
average over the angular moments of the compound 
nucleus. All angular distributions which are derived 
from a Compound nucleus theory have one feature in 
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common: They are symmetric about 90 degrees. This 
is due to the fact that the independence hypothesis 
excludes any phase relations between the emissions 
from different states of the compound nucleus. 

The compound nucleus theory enables us to predict 
the gross structure of any nuclear reaction cross-sec- 
tion when suitable assumptions are made in regard to 
the level densities of the residual nuclei. We quote a 
few important results of this theory. 

INELASTIC SCATTERING 

The re-emission of the neutron combined with the 
excitation of the target nucleus is by far the strongest 
reaction induced by neutrons. Exceptions to this rule 
occur only when the energy is insufficient to excite the 
target nucleus and also in the fissionable nuclei. When 
the incident energy is much higher than the first 
excited state of the target, the energy distribution of 
the secondary neutrons is strongly peaked at energies 
much lower than the incident energy c. The distribu- 
tion is similar to a Maxwellian, corresponding to a 
temperature T(t) <C . The function T(i) is con- 
nected with the level density co() of the target 
nucleus: 

r-i - (d log 



The theory also gives the probability of excitation of a 
given state of the target nucleus as a function of the 
energy c. This excitation function depends upon the 
spin of that state, and its comparison with the experi- 
ment can be used to determine the spin. 17 

OTHER REACTIONS 

The theory gives definite results as to the yield of 
any reaction initiated with neutrons. This yield is 
based upon the competition of the particular decay 
with the re-emission of the neutron. Hence (n,p) and 
(,) reactions are predicted to be much weaker than 
inelastic scattering because of the effect of the Cou- 
lomb barrier. This effect is enhanced by the fact that 
the energy of the outgoing particle is peaked near the 
temperature T and not at the highest possible energy. 
The (n,y) process can be calculated with this theory 
when suitable assumptions are made regarding the 
radiation width of the compound states and its energy 
dependence. The (n,y) cross-section is predicted to 
decrease strongly with energy. Important at very low 
energy, the theoretical cross sections fall to about 
0.1 barn at 1 Mev in heavy nuclei (A > 100). For 
higher energies it decreases rapidly because of the 
overwhelming competition of neutron emission. 

Processes in which two particles are emitted, like 
(itj2n) or (n y np), etc., are considered in this theory to 
be a succession of two emissions. The first reaction is a 
(n t n) or (n,p) reaction, which, in some cases, leaves 
the residual nucleus in a highly excited state so that it 
is able to emit another particle. From this considera- 
tion it follows that the (n,2ri) cross-section rises 
rapidly above its threshold at the expense of the 
(X) cross-section. This* rise takes place within an 
energy interval of the order of the nuclear temperature. 

The comparison with the experimental material re- 



veals that the compound nucleus theory of nuclear 
reactions contains only part of the truth. It turned out 
to be correct that the inelastic scattering is the most 
important reaction. Also the energy distribution of 
the secondary neutron was found to have a low energy 
peak. In fact, the nuclear temperatures derived from 
the position of the maximum and from the general 
form of the distribution are somewhat lower than 
expected (0.75 1 Mev for e = 14 Mev) and were 
found for = 14 Mev to be roughly the same for all 
heavier nuclei. 18 This equality of temperatures is sur- 
prising in view of the statistical interpretation of the 
process. One would expect that the same energy leads 
to lower temperatures for heavier nuclei. 

The excitation of a given state of the target nucleus 
as a function of is well represented by the theory. 
The energy dependence of the cross-section and the 
absolute value agree fairly well with theory in almost 
all cases. 19 

The most striking disagreement with the compound 
nucleus theory lies in the fact that, the inelastic scatter- 
ing contains much more high-energy neutrons than 
the theory accounts for. The energy distribution devi- 
ates from Equation 14 when the energy e exceeds the 
nuclear temperature. The excess is so strong that it 
cannot be accounted by any change in the assumptions 
regarding the level densities without contradicting 
other observations. Also these high-energy secondary 
neutrons have an angular distribution which is peaked 
in the forward direction, a feature which cannot occur 
in the theory of the compound nucleus. 20 

The yield of neutron-induced reactions is also often 
in disagreement with the compound theory. Paul and 
Clarke 21 have shown that at 14 Mev the (n,p) and 
(,) reactions are stronger than Equation 12 would 
admit. For very heavy nuclei the compound theory 
for these reactions predicts extremely small cross-sec- 
tions which are several orders of magnitude smaller 
than the observed ones. It should be added that the 
observed values, though larger than the theoretical 
values, arc still very much smaller than the cross-sec- 
tions for inelastic scattering. The observed angular 
distributions of the secondary particles have maxima 
in the forward direction. 

The (,T) cross-sections have been observed so far 
in the energy region from zero up to a few Mev. 22 They 
show essential agreement with the predictions of the 
compound theory. 23 Of course, the predictions contain 
certain assumptions as to the radiation width and its 
dependence upon the energy of the compound nucleus. 
Recent measurements of (p,y) cross-sections by B. 
Cohen and P. Gugelot 24 indicate that at higher ener- 
gies (c > 5 Mev) the (,7) cross-section is consider- 
ably larger than the theoretical value. It is probable 
that the (n,y) cross-sections would also exceed the 
predicted value in that energy region. 

The predictions of the compound nucleus theory in 
regard to the (w,2n) processes are found to be well ful- 
filled. A slight discrepancy remains, since the nuclear 
temperatures derived from the (n,2n) yield curves are 
somewhat higher than the temperatures derived from 
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the inelastic scattering and its energy distribution. 
The yields of (n,pn) reactions are somewhat larger 
than the theory would predict. 

The character of the deviations of the observed re- 
action cross-sections from the theoretical predictions 
indicates very strongly that the deviations might be 
explained by a direct momentum transfer from the 
incident neutron to a single nucleon in the nucleus. 
The optical model of the nucleus has shown that the 
mean free path of a neutron in nuclear matter, even 
at higher energies, is comparable to the nuclear radius. 
Hence the following processes must occur with reason- 
able probabilities: 

(a) The incident neutron interacts with one nucleon 
by elastic collision and has enough energy left to leave 
the nucleus again and reaches the outside without 
further interaction. 

(b) The struck nucleon acquires enough energy to 
leave the nucleus without further collisions with other 
nucleons. Both processes give rise to apparent in- 
elastic scattering or to (n,y) reactions and lead to 
cross-sections and angular distributions different from 
the compound nucleus theory. In these processes 
the secondary particles acquire an energy in excess of 
the nuclear temperature and are peaked in the forward 
direction. Some attempts have been made to calculate 
these effects and the results are encouraging. 25 

Also in the (n,y) processes single-particle transitions 
can play a role if the cross-section as calculated with 
the compound nucleus theory becomes very small. A 
neutron can make direct radiative transitions in the 
potential well of Equation 8 before it is absorbed. 
These transitions give rise to (#,7) cross-sections of 
the order of a few millibarns and might account for 
(n,y) processes in heavy nuclei for neutrons with an 
energy above 5 Mcv. 

SUMMARY 

For the theoretical prediction of neutron cross-sec- 
tions, it is useful to distinguish between bulk cross- 
sections and detailed cross-sections. The former ones 
are total, elastic and reaction cross-sections; the latter 
ones are the actual cross-sections for specified reac- 
tions. The bulk cross-sections concern exclusively the 
incident beam; they are defined by the situation in 
the entrance channel. The detailed cross-sections re- 
flect the effects of the mechanism of energy transfer 
from one channel to the other. The bulk cross-sections 
are therefore more accessible to theoretical discussion 
by Hmple nuclear models. In particular, the gross 
structure can be reasonably well represented by the 
optical model of the nucleus. 

The problem of the theoretical prediction of the de- 
tailed cross-sections is much harder. There are two 
"complementary" descriptions of nuclear reactions 
which can be used for the calculation of the cross-sec- 
tions. One is the theory of the compound nucleus 
which assumes that a nucleon shares its energy com- 



pletely with the whole nucleus upon entering the 
interior. The other is the individual particle theory 
which assumes that, in an (a,b) reaction, the incident 
particle a directly interacts with the particle b and 
transfers its energy by an elastic collision. 

It is very probable that both aspects play an impor- 
tant role in nuclear reactions. At present it is not yet 
possible to predict in each case the limits of validity of 
the two aspects. However, the concept of mean free 
path in nuclear matter, which is introduced by the 
optical model, could be helpful in estimates of the 
validity of the individual particle aspect. It is to be 
expected that the compound nucleus aspect will be- 
come valid if the individual particles have been "ab- 
sorbed' 5 before reaching the surface of the nucleus. 
We have reason to hope that the theory of nuclear 
reactions will be more successful when the enormous 
amount of new experimental material has been better 
understood and analyzed. 
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Investigation of Neutron Beta Decay 

By P. E. Spivak, A. N. Sosnovsky, A. Y. Prokofiev and V. S. Sokolov, USSR 



Measurements of the neutron half-life, and pre- 
liminary experiments in angular electron-proton recoil 
correlation have been made on a pile neutron beam. 
The first measurements gave the half-life in the range 
8 15 minutes. Further measurements, in which the 
proton collecting efficiency factor was eliminated, gave 
the value 12 + 1.5 minutes for the half-life of the neu- 
tron. The results of the preliminary measurements of 
the angular correlation arc in agreement with theory 
but are not sufficiently accurate for determining the 
particular form of the beta interaction. 

PART I. MEASUREMENT OF THE NEUTRON 
HALF-LIFE* 

The experiment was set up to detect the decay of 
the neutron and to measure its half-life. 

The method used was based on observing neutron 
decay by registering the resulting protons and the pro- 
cedure was as follows: 

An intensive neutron beam was passed through a 
vacuum tank at. some distance from the proton de- 
tector placed inside the tank. Between the lank and 
the detector an accelerating potential (10 20 kv) was 
applied, sufficient to collect a large part of the protons 
formed in the beam (boundary energy of proton 
spectrum ^750 v). 

As the indicator had to count protons accelerated to 
an energy as low as 10 20 kev, was in close proximity 
to the neutron beam and badly shielded against radia- 
tion, a small proportional counter was used as an indi- 
cator. The results proved that this choice was justified. 
A film placed between the counter and the vacuum 
tank did not stop the protons, which lost only 2.5 
3 kev in the film, but kept heavy ions from getting into 
the counter. 

Work on the experiment began in April 1946. The 
measurements, however, began much later, in October 
1949, when the opportunity presented itself to carry 
out the experiment, on a sufficiently intensive beam of 
neutrons. 

Description of Arrangement and Proton Counter 

Figure 1 shows an over-all view of the apparatus. 
The tank .1 was pumped out to a high vacuum of ^-1 to 
2 X 10~~ 6 mm Hg. The protons were focused by means 
of a radial electric field applied between the tank and 

Original language: Russian. 

* This report is based on the results of an investigation made 
in 1W). 



the central electrode C. The tank served as the high- 
voltage electrode, and the central electrode was 
grounded. An additional electrode K was used to im- 
prove the shape of the electric field in the active 
volume of the tank. The windows through which the 
neutron beam passed were made of thin aluminum 
and were at some distance from the active volume. 

Figure 2 shows a section through the central elec- 
trode head. The aperture in the head is covered with a 
spherical thin tungsten wire mesh. Inside the electrode 
is the proportional counter. 

The counter window was covered with a film 0.06 
0.07 micron thick made with ordinary medical col- 
lodion from which a large part of the ether had been 
removed and which had then been diluted with butyl - 
acetate. The film was formed on a water surface and 
was lifted up on I lie edge of a kind of spatula with a 
hole in the middle of the blade. Thus, over the hole the 
film was double. 

The thickness of the film was judged from the inter- 
ference color. The film with which the counter window 
was covered was black; four such films, in optical 
contact, were green. The film thus formed was placed 




Figure 1. Over-all view of the apparatus: (A) vacuum tank; (B) auxiliary 
electrode; (1) to glass reservoir; (2) to amplifier; and (3) to pump 
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Figure 2. Cross section through central electrode: ( 1 ) outer electrode of 

counter; (2) collecting electrode; (3) insulator; (4) pin of collecting 

electrode; (5) film; (6) film supporting wire mesh; (7) spring; (8) spherical 

mesh; and (9) alpha-particle source 

on an auxiliary ring and from there on the counter 
window. After that the head of the central electrode 
was put on the counter and the wire mesh for support- 
ing the film pressed on to it by a Hat spring. 

The counter was connected to a small glass tank 
filled with a mixture of 75% A and 25% CF 4 to a 
pressure of about 12 mm Hg. 

The size of the counter and the pressure of the gas 
in it were chosen in accordance with the proton range 
at energy 15-17 kev. The gas leakage through the film 
was so small that it permitted to ensure a high vacuum 
in the tank, a stable gas amplification and long per- 
formance without adding more mixture. 

The collecting electrode of the counter, to which a 
working potential was applied, was connected to the 
recording system which consisted of a linear amplifier 
with a gain of about 1() B , a pulse-height discriminator 
and a sealer. 
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The first testing and calibration of the counter was 
done by means of alpha particles. Figure 3 shows the 
pulse-height distribution of polonium alpha particles. 

Figure 4 shows the set-up for measuring the proton 
pulse-height distribution and energy loss in the film. 
In this set-up the protons were drawn from the hydro- 
gen discharge region, accelerated and separated by a 
magnetic spectrograph. The hydrogen entered through 
a palladium tube, from which the necessary pressure to 
create a discharge between the electrodes 1 and 2 may 
be obtained by heating. The ions passed through the 
30-micron aperture in the electrode 2, were accelerated 
and selected by the diaphragms DI and D of chamber 
4 located in the magnetic field. 

When the discriminating cut-off voltage was set 
close to the noise level, HI* ions could be counted from 
an accelerating potential as low as 2.7 kv. When the 
potential was higher, H 2 f ions also passed through the 
film, but their pulse-height distribution was broader 
and their pulse-heights smaller. The pulse height-dis- 
tribution of HI+ ions accelerated to 11 kev is illus- 
trated in Fig. 3 (open circles). 

Quick adjustment of the counter gas amplification 
necessary for proton registration was achieved in the 
neutron beam measurements, by means of an alpha- 
particle source. The discriminator potential cut-off 
was then set to ensure 100% proton counting 
efficiency. 

Measurements and Results 

First of all measurements were done to show 
whether protons were produced in the tank if a neu- 
tron beam passed through it. 

It was indeed observed that the number of pulses 
above counter background (measured with the accel- 
erating potential switched off) increased when a poten- 
tial sufficient to accelerate the protons and to collect a 
significant part of them in the counter was applied. 

To be sure that this effect was really due to the 
decay .of the neutrons, it was necessary to prove that 
the detected particles were protons and that they 
were caused by the presence of thermal neutrons in 
the lank. Since this effect should show up as the 
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Figure 3. Pulse height distribution. Open circles, ions H t + ; triangles, 
a-particles, closed circles, decay protons 



Figure 4. Set-up for measuring proton pulse height distribution: (1, 2, 3) 

electrodes; (4) chamber of magnetic spectrograph, (D t and D 2 ) 

diagrams; (5) counter; and (6) glass reservoir; * to f.v. pump, ** to 

h.v. pump,*** to amplifier 
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difference between the number of counts with and 
without the accelerating potential, it was necessary to 
show that the background did not depend on the elec- 
tric field. 

For this purpose three control experiments were 
performed. In the first the neutron beam was cut off 
by a boron shutter. In the second the tank was moved 
to such a position relative to the neutron collimator, 
that the beam would strike the tank walls, greatly in- 
creasing their irradiation, the active volume of the 
tank being shielded by a boron shutter. In the third, a 
cadmium shutter intercepted the beam near the tank, 
to increase the irradiation of the tank by gamma rays. 

In all three cases the number of pulses did not de- 
pend on the accelerating potential in the tank, as long 
as it did not exceed 20 kv. At potentials V> 20 kv 
the number of pulses increases and rises sharply with 
the increase of the potential, depending on the inten- 
sity of the tank irradiation. 

This effect had been observed already in the process 
of setting up the apparatus. If a high potential was 
applied to the electrodes, the counting system regis- 
tered pulses, the number of which increased with 
potential as well as with irradiation of the tank with 
gamma rays from a radioactive source. It did not 
change with the degree of vacuum over a wide range, 
but greatly depended on the material of the tank and 
the finish of its interior surface. Measurement of the 
pulse-height distribution at different values of the ac- 
celerating potential showed that the pulses were due 
to hydrogen ions arising in the tank and focused upon 
the counter window. 

The appearance of ions not due to neutron decay 
was observed also by other in vest iga tors. 1 --- 3 Evi- 
dently, just because it is hard to distinguish the back- 
ground caused by such ions, these investigators were 
for a long time unable to conclude with certainty what 
part of the observed effect was due to neutron decay. 
This difficulty was overcome in one study by register- 
ing the coincidences between the decay proton and 
electron. 3 

We succeeded in greatly reducing this effect by 
using an aluminum tank with a well-polished interior 
surface, oxydized with a 3% chromic acid solution. 

Thus from our control experiments it follows, firstly, 
that when a neutron beam passes freely through the 
thin aluminum windows of the tank the number of 
background pulses does not depend on the accelerating 
potential if the latter is less than 20 kv; and, secondly, 
that the observed effect is caused by particles origi- 
nating in the tank and in the thermal neutron beam. 

To ascertain the nature of these particles, the dis- 
tribution of the heights of the pulses created by them 
in the counter was investigated. The pulse-height dis- 
tribution measured at various values of the accelerated 
potential coincided well with the corresponding data 
for HI+ ions. (Comparison for the value 11 kv is given 
in Fig. 3). The experiments showed that the effect de- 
pends strongly on the potential, which means that the 
initial velocities of the investigated particles were 
much lower than the velocities they attained after 



acceleration. The agreement between the pulse-height 
distribution curves shows that the investigated par- 
ticles lose the same energy in the film and create the 
same ionization in the counter as do HI+ ions. Hence 
it definitely follows that the particles causing the 
effect are really protons. 

The results of these experiments leave no doubt that 
the protons originated in the beam of neutrons, whose 
decay has thus been fully established. 

The next problem was to measure the neutron half- 
life. For this it was necessary to determine the number 
of neutrons in the active volume of the tank and the 
number of protons arising in this volume. 

To determine the number of neutrons, the distribu- 
tion of neutron density over the beam cross section 
was measured by a small boron chamber. The absolute 
density was measured by activation of a gold foil. 
The maximum density was 260 15 cm" 3 . Using the 
data of these measurements one can calculate the 
total number of neutrons N n in the active volume of 
the tank, which in our case was 10.4 X 10 4 . 

The number of neutrons N p registered by the 
counter was measured at an accelerating potential of 
17 kv and a discriminator cut-off corresponding to the 
plateau of the curve A r p(l 7 c ), i.e., at 100% efficiency of 
the counter. 

At this discrimination cut-off the background, which 
owing to the small size of the counter and low pressure 
of the gas in it, was not too large, still exceeded the 
effect several-fold and depended strongly on the dis- 
crimination cut-off. The effect, therefore, was meas- 
ured repeatedly : in each series, the accelerating poten- 
tial was switched on and off alternately every 5-10 
minutes. This eliminated the error that could arise 
from a slow drift of the counter's gas amplification. 

The measurements showed that under the given 
conditions the proton counting rate was 1024 per min- 
ute. The ratio of the number of protons collected in 
the counter to the number of protons formed in the 
tank volume (collection factor k) was calculated by 
V. A. Smorodinsky and co-workers. The calculations 
showed that in these experiments the value of this 
factor is between 0.16 and 0.26, depending on the 
assumption one makes regarding the proton initial 
velocity spectrum. 

Substituting the above values in the expression 

7\, = In 2 ^ hi 

A p 

where q = 0.7 is the penetrability of the wire meshes 
in front of the counter window, we obtain a value of 
8-15 minutes for the half-life T^. 

A More Accurate Neutron Half-Life Measurement 

This value for the neutron half-life, 8-15 minutes, 
derived from our above measurements is, of course, 
not quite satisfactory because of the rather wide limits. 
Similar results were obtained by Snell and co-work- 
ers i,2.8 W h f ounc i 10-30 minutes. Robson 4 - 6 obtained 
9-25 minutes, and in 1951? got a more accurate value 
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of TI$ = 12.8 2.5 minutes. The error is due mainly 
to the uncertainly in the collection factor. 

In an attempt to obtain better results we rearranged 
our experiments somewhat and succeeded in eliminat- 
ing altogether the dependence of the collection factor 
on the proton spectrum. 

Suppose the neutrons in the lank uniformly fill a 
certain spherical layer around the central electrode. 
In this case, the recoil proton distribution along the 
surface of the electrode will likewise lie uniform and, 
beginning with a certain value of the accelerating 
potential V = r wl : w , all protons arising in the tank 
volume will reach the central electrode. 

It is then obvious that the number of protons strik- 
ing any area of the central electrode, defined by a 
solid angle w, is equal (due to the spherical symmetry) 
to the number of protons formed in the cone volume 
V u within this solid angle (this cone is shown in 
Fig. 5 by dashed lines). Thus the number of protons 
striking any area A', such as the window of the central 
electrode, for example, increases with the potential 
until I' becomes equal to I ',,, and reaches its satura- 
tion value equal to the number of decays occurring in 
volume r w , and upon a further rise of the accelerating 
potential remains constant. At the same time, with the 
increase of the potentials (that is, at I' > !',,) the 
decays that occur in the region far outside the region 
r w cease to contribute to the number of protons strik- 
ing the area V. Therefore, if the potential is sufficiently 
high, there is no need to fill the entire volume of the 
tank with neutrons. It is sufficient to fill the volume 
]' and a certain adjacent region. It is readily seen 
that the neutron density in the beam likewise need not 
be uniform; it is enough if the surfaces of uniform 
density coincide with the equipotential surfaces. 




In practice the region occupied with neutrons is 
determined by the neutron beam cross section. The 
neutron beam in our case had a diameter of approxi- 
mately 130 mm. The calculation, which we are not 
giving here, shows that in this case, if the tank radius 
is 80 mm and the radius of the central electrode 30 
mm, and the opening of the cone 23 degrees, the 
count of the protons reaches its stationary value at an 
accelerating potential of 15 kv. 

In Fig. 5 the calculated boundaries of the active re- 
gion are indicated by the lines Aft, and the neutron 
beam cross section by the shaded part. The figures are 
the relative neutron densities at the corresponding 
points. 

The apparatus used in these experiments is quite 
similar to that described in our previous experiments. 
A detailed cross section of the central electrode head is 
shown in Fig. 6. Its aperture is 12 mm in diameter and 
is covered with a spherical thin tungsten wire mesh. 
As in the previous case, the proton detector is a pro- 
portional counter. It is mounted inside the central 
electrode so that its window, 14 mm in diameter, is 
as near as possible to the electrode aperture. All pro- 
tons focused on the electrode aperture, except those 
stopped by the meshes, enter the counter and are 
registered with 100% efficiency. 

Results of the Measurements 

The maximum neutron density p mnx was determined 
in the same way as in our previous experiment and was 




Figure 5. Schematic cross section through vacuum tank 



Figure 6. Cross section through central electrode: (1) outer electrode of 

counter; (2) collecting electrode; (3) insulator; (4) pin of collecting 

electrode; (5) film; (6) film supporting mesh; (7) spring; (8) spherical 

mesh; and (9) cylinder 
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equal lo 290 15 cm~ 3 and the total number of neu- 
trons in the volume A'* = (15.2 0.5) X p ma *. 

The measurements too were performed as in the 
previous work, that is, the number of decay protons 
was determined as the difference of counts with and 
without collecting voltage. The results of the measure- 
ments are shown in Fig. 7. From 15 to 16 kv on, the 
number of decay protons N p reaches a stationary 
value of 180 10 per minute. The error of this num- 
ber, due to a certain fraction of the protons falling on 
the surface of the tank, is small, about 1 1.5%. The 
geometric transmission of the grids 17 is 0.7 (the 
transmission of each separately is 0.86 and 0.81, 
respectively). The error due to the dependence of 
the transmission on the angle of proton incidence does 
not exceed 1%. 

Substituting the above values in the expression 

T* = In 2 ~- - n 
-\i> 

we get the value 12 1.5 minutes for the neutron 
half-life. 
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Figure 7. Decay proton counting rate, plotted against accelerating 
potential 

In the future we intend, by using the apparatus 
built for investigating the electron-proton angular 
correlation in neutron beta decay (preliminary results 
of which are described below), to repeat the experi- 
ment for determining the neutron half-life. In our 
planned experiment, the decay protons will be colli- 
mated so that they will be totally focused on the 
counter. In this case, the registration efficiency of the 
recoil protons originating in the active part of the 
neutron beam can be calculated quite accurately. 
Thus, the errors of the previous measurements will be 
avoided, and we may hope that the error in these 
experiments will be mainly due to errors in neutron 
density measurements, and will not exceed 3-4%. 

PART II. ANGULAR CORRELATION 
IN NUCLEAR DECAY 

The exact form of the beta interaction law may be 
found, as is known, by experimental investigation of 
electron-recoil nucleus correlation. 7 Results of such 
experiments with P 32 , He 6 , Y 90 , and Ne 19 have already 
been published 8 " 12 . These results, together with dis- 
cussions of other experimental facts, lead one to assume 




Figure 8. Over-all view of apparatus for studying angular correlation: 

(Pi) proton counter; (1,2) grids between which accelerating potential is 

applied, (fV and 0i") electron counters 

with high probability that the beta interaction law is 
determined by a linear combination of tensor (T) 
and scalar (S) invariants. 13 - 14 

We have begun an experimental study of electron- 
proton angular correlation in neutron beta-decay. A 
brief description of the set-up and preliminary results 
of the measurements, which are still going on, is given 
below. These measurements are conducted on the pile 
thermal neutron beam. The coincidences are recorded 
between the delayed pulses of three electron and three 
proton detectors, situated in the plane perpendicular 
to the axis of the beam passing through the vacuum 
tank. The detectors are arranged to register simul- 
taneously the effect at several angles. 

This work encounters certain difficulties due pri- 
marily to the small effect (7 coincidences per hour at 
an angle of 162 degrees), proportional to the detector 
solid angles. For our purpose these angles must, 
naturally, be small, and are 10~ 3 . On the other hand, 
the background of the accidental coincidences, even 
with a thick lead, boron, and paraffin shield, likewise 
amounts to about 5 coincidences per hour at each 
angle. This large background is chiefly due to the high 
rate of the beta located near the beam and to the re- 
solving time of the coincidence circuit (4 microseconds), 
chosen in accordance with the time-of-flight of the 
decay protons. 

Figure 8 shows a schematic cross section of the 
apparatus through the proton (P) and electron (0i' 
and 0i") detectors set at 180 degrees to each other. 

To reduce the background, the electrons are regis- 
tered by means of two banks of self-quenching 
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Figure 9. Proton tim-of-flight distribution at 180 degrees 

counters in coincidence and placed in a common 
chamber. The window of the chamber, 70 mm in 
diameter, is covered with a film 4-5 microns thick, 
which separates the chamber from the vacuum tank. 
To avoid absorption of the electrons in the counter 
walls the cathodes were made of thin wire. Both 
banks, together with the mesh supporting the film, 
have 65% penetrability. 

The recoil protons, after passing a field-free space, 
enter a spherical electric field applied between grids 1 
and 2, are accelerated in it to 16 kv and are focused 
on the window of the proportional counter. This win- 
dow is 16 mm in diameter and is covered with a film 
about 0.07 microns thick. 

The decay electron pulses are fed into a 6-micro- 
second delay line which, starting from 2 microseconds 
(maximum energy proton time-of -flight), has taps 
spaced 0.4 microseconds apart and leading to proton- 
electron pulse coincidence circuits. A tape recording 
device registers the coincidences and in which pair of 
indicators (i.e., at which angle) they occurred. Simul- 
taneously, the counting rates of each proton and elec- 
tron indicator are registered. 

Thus the set-up makes it possible to record proton 
time-of-llight simultaneously with counting the coin- 
cidences at various angles, and measure the back- 
ground of accidental coincidences. Figure 9 gives a 
histogram of one series of measurements obtained in 
our experiments, showing the proton time-of- flight 
distribution at 180 degrees between the detectors, and 
the relation between the background (dashed line) 
and the effect at this angle. The results of the meas- 
urement, which lasted altogether about 120 hours, 
are shown in Fig. 10 together with the theoretical 
curves for the (T) and (S) interactions, calculated by 
A. G. Afanasyev. The theoretical curves have been 
fitted to our experimental point at 144 degrees. The 
graph gives only the statistical errors of measurement. 
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Figure 1 0. Results of angular correlation measurements and theoretical 
curves for T and S interactions 



The data does not yet include corrections for sys- 
tematic errors, which are now being determined. Such 
corrections are to take into account the angular width 
due to the finite dimensions of the detectors and the 
source (the beam diameter is 70 mm), as well as the 
efficiency of electron and proton counting, which de- 
pends upon the energy of these particles and differs 
for different angles. The preliminary experiments and 
calculations show that these corrections will not be 
very large and can be determined with the required 
accuracy. 

Thus, the angular distribution obtained in our ex- 
periments generally agrees with theory, though we 
still cannot choose or reject any particular form of 
beta interaction. The work will be completed in the 
near future, and we then hope to reach more definite 
conclusions. 
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Thermal-Neutron Capture Gamma Rays 

By L. V. Groshev, B. P. Adyasevich, and A. M. Demidov, USSR 



Thermal-neutron capture gamma radiation from 
nuclei was investigated with the aid of a Compton- 
electron magnetic spectrometer. The sample under 
investigation was irradiated with thermal-neutron 
flux from the RTF reactor. Spectra of beryllium, so- 
dium, sulphur and chlorine gamma rays have been 
measured in the energy range from 0.3 to 10 Mev. 
The treatment of results obtained made it possible to 
deduce the intensities of some spectral lines in terms 
of photons per neutron capture. For a number of tran- 
sitions experimental radiation probabilities were com- 
pared with theoretical ones calculated from Weiss- 
kopf s formulas. Spins of some of the lower levels of 
Cl 86 and Na 24 were determined. 

INTRODUCTION 

The present work is aimed at the investigation of 
thermal-neutron capture gamma radiation from nu- 
clei. A nucleus which captures a thermal neutron is 
excitated up to the neutron binding energy of about 
8 Mev. Particle emission under such an excitation 
(excluding the cases of some light nuclei) is of little 
probability and therefore the nucleus is de-excited by 
emission of gamma quanta. Studies of gamma-ray 
spectrum from the (,?) reaction make it possible to 
find level energy differences as well as relative prob- 
abilities of gamma transitions which occur between 
levels at energies lower than the neutron binding 
energy. 

This, with the addition of data on nuclear charac- 
teristics of excited levels obtained from charged par- 
ticle and neutron reactions, enables one to establish 
the most probable decay scheme of capturing states 
as well as characteristics of gamma transition (their 
multipole type and order). 

Total radiative widths T r are known for certain nu- 
clei which, together with the experimentally measured 
relative gamma-ray intensities, permit one to deter- 
mine the absolute probabilities of the corresponding 
gamma transitions and thus to get some knowledge of 
the radiative properties of nuclei. The knowledge of 
these properties may provide a check of a particular 
nuclear model because the theory of nuclear radiative 
properties is essentially connected with the internal 
structure of atomic nuclei. On the other hand, the ac- 
cumulation of experimental data and the search for 
empirical regularities connected with nuclear radia- 
tive properties may form the basis for constructing 
a nuclear model. 

Original language: Russian. 



At present abundant material is available on ra- 
diative properties of nuclei at excitation energies 
up to 2 Mev (excited states following 0* decay or 
A' -capture). 

The study of neutron capture gamma-rays consid- 
erably increases the number of energy states which 
can be investigated. 

Since 1948 thermal-neutron capture gamma-rays 
have been studied by Kinsey et al. (Canada). They 
have investigated almost every element of the peri- 
odic system. For studying the gamma-ray spectra 
they used a magnetic pair spectrometer and measured 
only tae gamma-rays with energies exceeding 3 Mev. 
However, for energies below 4.sS Mev, only very in- 
tense gamma lines were measured. This group of au- 
thors analysed the results obtained for a large number 
of elements. They have established a number of 
empirical regularities for thermal-neutron capture 
gamma-rays. 1 

Some attempts have been made to measure neu- 
tron capture gamma radiation by means of scintilla- 
tion spectrometers. Several intense lines for some ele- 
ments have been measured by this method but no 
extensive results have been obtained so far. 

In view of the impossibility of measuring gamma- 
ray energies lower than about 3 Mev with the aid of 
a magnetic pair spectrometer, we used a Comp ton- 
electron magnetic spectrometer to study the thermal- 
neutron capture gamma-rays. The efficiency of this 
instrument is less dependent on gamma-ray energy 
and thus it is possible to measure gamma-ray inten- 
sities and energies within the range of 0.3 to 1 2 Mev. 
Besides, the calculation of efficiency of this instru- 
ment is easy and reliable as compared with the case 
of a magnetic pair spectrometer. 

1. THE SPECTROMETER AND THE METHOD FOR 
THE MEASUREMENT OF y-RAY SPECTRA 

Thermal-neutron capture gamma-ray spectra were 
measured with samples placed into the thermal col- 
umn of the RTF reactor. Figure 1 shows the experi- 
mental arrangement. The sample under investigation 
enclosed in a graphite container was placed into the 
hole of the reactor thermal column near the reflector. 
Gamma rays emitted by the sample were collimated 
by three bismuth diaphragms inside the hole and two 
external lead diaphragms placed in front of the spec- 
trometer. A shutter of boron carbide or of lithium 
bicarbonate was installed for absorbing neutrons at 
the outer end of the thermal column. A bismuth block 
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Figure 1. General arrangement of experiment, 1 is sample 

7} ;< inches thick was placed at the inner end of the hole 
in front of the sample to reduce the gamma-ray back- 
ground from the reactor and reflector. The distance 
between the irradiated sample and the spectrometer 
was approximately 16 ft. The amount of material in 
the irradiated samples varied over a wide range (from 
several grams to several kilograms) depending on ther- 
mal-neutron absorption cross-section. 

In our experiments we used a gamma-ray spectrom- 
eter using the principle suggested by Gelepov and 
Orbeli. 2 The principle of the spectrometer is shown in 
Fig. 1. Compton electrons are ejected by photons fall- 
ing on a wide radiator R (area 40 X 50 mm, thick- 
ness -50 or 100 microns of polystyrene), situated in 
a homogeneous magnetic field (point () marks the 
symmetry axis of the magnetic field). The Compton 
electrons ejected into an angle of about 1 degree in 
the forward direction are focused on slit .1 by the 
homogeneous magnetic field for a certain energy of 
electrons. A suitably curved radiator is used to achieve 
optimum focusing of electrons. After passing slit .-1, 
the divergent electron beam is focused on the dia- 
phragm B. Improved 180-degree-focusing in a radially 
falling off magnetic field is applied. The coincidence 
pulses in beta-counters placed at points .1 and B are 
counted at different magnetic field strengths //. The 
energy of the Compton electrons, and therefore the 
gamma-ray energy, is determined from the magnetic 
field strength and the distance between the counters. 

The advantages of this gamma-ray spectrometer 
compared with other Compton-electron magnetic 
spectrometers are the following: 

1. The use of a wide radiator makes it possible to 
have, at the same time, a small Compton electron ac- 
ceptance angle (1 degree) and a good transmission. 
Under these conditions a gamma-ray spectrum can be 
measured with good resolution in the wide energy 
range of 0.3 to 12 Mcv. Even in the worst case of 
12 Mev, the broadening of the spectral line resulting 
from the dependence of the Compton-electron energy 
on the angle is about 0.5%. 

2. The coincidence pulses in counters placed far 
from each other are measured, which is especially im- 
portant in the case of the high background near the 
reactor. In this spectrometer, the background of occa- 
sional coincidence pulses was negligible, being less 
than one coincidence pulse per 30 minutes and could 



practically be ignored. It should be mentioned that 
it was impossible to measure the spectrum with one 
counter B only, as then the background was several 
times the observed effect. 

In the spectrometer used, I he diameter of the magnet 
pole pieces was 1.5 ft. The radial fall-off of the mag- 
netic field necessary for improved focusing was pro- 
vided by a fringing magnetic field at the edge of the 
magnet. Uy shimming we managed to obtain a fall- 
off of the magnetic field which differed by less than 
0.5 per cent from the theoretically calculated one. 

The radius of the principle orbit r (inside of which 
the field is homogeneous and outside falls off radially) 
was 6 inches. 

The magnetic field was measured by the induction 
method by means of a dc generator rotor rotating at 
constant speed, in the fringing field of the magnet. 
This magnetic field meter also provided the signal for 
the magnet-coil current regulation circuit. The mag- 
netic field stability was within 0.05 per cent at high 
strengths and within 0.1 per cent at low strength. 

The spectrometer chamber was a brass cylindrical 
box (Fig. 1), I 1 ) inches in diameter and 4 inches high, 
with windows for the entrance and exit of gamma- 
rays. The windows were closed with brass 0.02 in. 
thick. Two diaphragms, with slits 0.12 in. and 0.2 in. 
wide were placed in front of counters .-1 and B, re- 
spectively. The counters were shielded with lead to 
the maximum degree. We used beta-counters with 
thin windows of /apon film covered with a semi-trans- 
parent copper layer deposited in vacuum. The film 
was about 1 mg/cm 2 thick. Continuous change of gas 
filling was necessary for stable operation of the coun- 
ters in the Geiger region. To this effect the counters 
were connected with a vessel in which the gas pressure 
was automatically maintained at ( )0 1 mm Hg. The 
gas was pumped out of the counters through a capil- 
lary copper pipe. The counters were filled with the 
mixture of 80 per cent argon and 20 per cent alcohol. 

One of the main characteristics of the spectrometer 
is its resolution. The resolution of the half-maximum 
width of the spectral line was measured in studying 
both capture gamma rays and gamma rays from 
Co 80 and Na 24 . Table I shows half-maximum widths of 
lines as a function of gamma-ray energy. 

This table shows that the half-maximum width of 
the spectral line is essentially constant for the gamma- 
ray energies exceeding 1.5 Mev. In this energy region 
it is mainly determined by the ratio of diaphragm width 
to the radius of the path. At energies below approxi- 
mately 1.5 Mev multiple scattering and the slowing 
down of electrons in the radiator and the counter 
windows becomes noticeable. This probably causes the 
decrease of resolution at low energies. 

The data given in Table I were obtained for a 
radiator 100 microns thick. As the thickness is dimin- 
ished to 25 microns the half-maximum widths of lines 



Table I 



Gamma-ray energy in Mcv 
Half- maximum width in per cent 



0.48 0.78 0.84 1.14 1.37 2.74 4.4 5.4 8.56 
8.3 4.0 3.3 2.9 2.7 2.3 2.3 2.3 2.3 
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down to about 500 kev is 2.3%, the luminosity being 
decreased by the factor of 3. 

The knowledge of the instrumental line profile is 
highly essential for reliably resolving a measured 
gamma-ray spectrum into partial spectra due to sepa- 
rate monochromatic lines in the true spectrum. This 
problem is still under investigation. In analysing the 
gamma-ray spectra from S 33 , Na 24 , and Cl 36 discussed 
below we used preliminary data on instrumental line 
shapes. 

As has been mentioned above, the half-maximum 
widths of peaks are energy-independent for gamma- 
ray energies exceeding about 1.5 Mev. It appeared 
from the comparison of peaks for various energies 
that to the first approximation they also have similar 
shapes. Based on this, we split up the spectrum into 
separate components. Figure 2 shows an example of 
such an analysis. It shows a part of the gamma-ray 
spectrum from chlorine discussed below. In the energy 
region below 1.5 Mev the peak shape to a certain 
extent depends on energy. We used some well-defined 
lines of the neutron capture gamma-ray spectrum as 
reference peak shapes at various energies. 

It should be noted that even in the case of a relatively 
small number of lines in the spectrum it was not always 
possible to define all the lines well. A part of the spec- 
trum was left unresolved. In the discussion of corre- 
sponding spectra we shall investigate what fraction of 
the neutron binding energy carried away by gamma- 
rays goes into the unresolved part of the spectrum. 

The gamma-ray energy for each peak was found by 
extrapolating its high-energy side to intersection with 
the abscissa or with the level of the unresolved back- 
ground. The magnetic field intensity corresponding to 
this value of the abscissa was then determined. A 
calibration curve was constructed which gives the 
dependence of the gamma-quantum energy on the 
magnetic field intensity obtained by this extrapola- 
tion. To this end the best known gamma rays both in 
thermal neutron capture gamma-ray spectra and those 
from radioactive sources were used. The accuracy of 
this method of measuring the gamma-ray energy is 
determined by the uncertainties of measuring the field 
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Figure 2. Analysis of coincidence spectrum peaks for gamma rays of 
chlorine 
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Figure 3. Gamma-spectrometer efficiency as a function of energy 

strength and of the calibration curve, as well as by 
the possibility of resolving the peak from the spectrum. 
The second important feature of the spectrometer is 
its spectral sensitivity S, i.e., the dependence of the 
peak area of the spectral line on gamma-quantum 
energy. [We mean the peak area obtained after cor- 
rections for self-absorption of gamma-rays in the 
sample, for absorption in the walls of container, 
chamber, boron cover, and air, and after normalizing 
to equal intervals of A(/Ip)]. The spectral sensitivity 
was calculated theoretically and is shown in Fig. 3. 
(It has been made unity at a gamma-quantum energy 
of 1 Mev). The experimental verification was made 
with gamma rays from Co 60 and Na 24 . A satisfactory 
agreement with theoretical calculations was obtained 
to within the experimental accuracy. The transmission 
of the spectrometer could be evaluated from the ex- 
periments with a source of known strength. If the 
transmission of the instrument is defined as the num- 
ber of counts in the peak per quantum falling on the 
radiator, then for a gamma-quantum energy of 1.33 
Mev it is 2.5 X 10~ 7 . 

2. DETERMINATION OF RELATIVE AND ABSOLUTE 
INTENSITY OF GAMMA-RAYS 

The determination of the number of photons per 
capture can be made by the following method. As 
we measure gamma rays in a wide energy range be- 
ginning with 0.3 Mev, the following relationship 
applies rather well for the spectrum one obtains: 

y 

LJI 
i 

where />(/) is the number of photons per capture, /,- 
is the photon energy and H is the binding energy of 
the neutron in the nucleus under investigation. 

Equation 1 can be conveniently used for determin- 
ing the number of photons per capture if relative 
intensities of all the gamma-rays in the spectrum have 
been measured. It should be stressed that Equation 1 
is valid only where the energy contribution in form of 
photons of energy hv less than 0.3 Mev, of the con- 
version electrons, and of internal conversion pairs is 
negligible. 

The second method of determining the number of 
photons per capture consists in comparing the intensi- 
ties of two gamma-rays for one of which the number 
of photons per capture is known. These gamma-rays 
can be from one and the same element or from two 
different elements In the latter case it is necessary to 
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measure the gamma-ray spectrum from a mixture of 
these substances and to know the percentage or weight 
contents of the mixture as well as the thermal neutron 
capture cross-section ratio for the two components. 
The determination of the number of photons per cap- 
ture for the "reference" gamma-ray can be done as 
follows: For many elements thermal neutron capture 
results in the formation of radioactive isotopes decay- 
ing with the emission of gamma-rays of a known 
spectral composition. If the irradiation time considera- 
bly exceeds the half -lives of these isotopes, a saturation 
is reached at which one disintegration of a new nucleus 
occurs per each neutron capture in an original nucleus. 

This method of determining the intensities was used 
by Kinsey, et al. In this case Na was the only element 
suitable for these purposes. In the present work both 
methods can be used to determine the number of 
photons per capture; the first, that of normalizing the 
spectrum to binding energy, and the second, just 
described, the one which can in princjptebe applied for 
many elements. 

In some cases the measured spectrum cannot be 
resolved into separate components corresponding to 
different lines in the original spectrum. In this case 
Equation I can be generalized easily and written as 



fixed by the fact that only photons with E' > E con- 
tribute to n(E). The constant C(E) takes care of the 
self-absorption in the sample, the absorption in the 
walls of chamber, container etc., as well as the normali- 
zation of the spectrum to equal intervals A(Hp). As- 
sume that S(E') and v(E') do not vary much within 
the width &E of the spectral line. We then get 



C(E)S(E)p(E) 



(4) 



0.3 Mev 



E v(E) dE - B 



(2) 



where v(E) is the number of photons per capture per 
unit energy interval. v(K) can easily be deduced from 
Equation 2, again provided the neutron binding en- 
ergy B is known. One other method of determining 
v(E) is the following: Let us denote by n(E) the coinci- 
dence counting rate at a given energy E. Then 



R) = C(E) 



(3) 



where S(E') is the spectral sensitivity, while f(E' E) 
is the function which describes the instrumental line 
shape (the area under the curve being normalized to 
unity for all energies). The lower limit of integration is 



On the other hand, let the spectrum have a peak due 
to photons of energy E and of intensity p(E) pho- 
tons per capture. Denote peak coincidence rate by 
n(E<>). In that case 

where f ma s(Eo) is the value of the function J(E r E) 
at its maximum at E' = EQ. From Equations 4 and 5 
we get 



(6) 



From Equation 6 it is easy to find v(E), i.e., the 
number of photons per capture p>er unit energy inter- 
val, provided the spectrum contains at least one 
monochromatic line of known strength. 

The following point should be made: The first 
method of determining the number of photons per 
rapture requires a knowledge of neutron binding 
energy in the product nucleus, whereas the second 
method requires that of the cross section for thermal- 
neutron capture. By applying both methods one can 
determine cross sections, if the neutron binding energy 
is known, or neutron binding energies, if the cross sec- 
tion is known. The accuracy of these methods of 
determining the thermal-neutron capture cross section 
or the binding energy cannot compete with other known 
methods of determining these values, but they may be 
useful in analysing gamma-ray spectra produced by 
thermal-neutron capture. 
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Figure 4. Coincidence background gamma-ray spectrum 
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3. GAMMA-RAY SPECTRA FROM 
Be, No, S, AND CL 

Before we discuss the results of measuring the ther- 
mal neutron capture gamma-rays from a particular 
substance let us consider the problem of background. 

When there is no sample in the sample holder the 
spectrometer measures a background gamma radia- 
tion. It consists of (1) gamma-rays from the reactor 
which penetrate the bismuth shielding block, (2) 
gamma-rays from the thermal column scattered by 
the bismuth block into the spectrometer, and (3) neu- 
tron capture gamma-rays from bismuth and sample 
holder. 

The measurement of the gamma-ray background 
was performed as follows: The sample under investi- 
gation was replaced by another one made of the same 
substance but slightly smaller. This sample was sur- 
rounded with a boron carbide layer 1 cm thick and 
placed in the same holder. The capture gamma-rays 
from the substance do not appear now, while the 
background gamma-rays are not changed. Figure 4 
shows the measured background. It is practically in- 
dependent of the substance (for approximately equal 
densities), placed in the position of the sample. For 
each element, the relevant background spectrum was 
subtracted from the measured gamma-ray spectrum. 

In what follows the results of the measurements 
of the thermal-neutron capture gamma-ray spectra 
from sodium, chlorine, sulphur, and beryllium are 
presented. 

Beryllium 

We studied thermal-neutron capture gamma rays 
emitted by beryllium first of all in order to investigate 
the peak shape at gam ma- ray energy of about 7 Mev. 
The results obtained could then be compared with 
Kinsey's data 8 on intensity measurement. 

3 4 567 E, Mev 
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Figure 5. Coincidence gamma-ray spectrum from beryllium 



Figure 6. Decay scheme for capture gamma rays of Be 10 

A 790-gram sample of spectroscopically pure metal- 
lic beryllium was used. According to Kinsey's data 
and in accordance with ihe level diagram of beryllium 
(see P\ig. 5), only two lines can be observed in the 
gamma-ray spectrum. Therefore we limited ourselves 
to measurement of these two lines. 

Figure 6 shows the results of our measurements. 
The 6.80-Mev gamma-ray arises from the transition 
from the excited capturing state to the ground state, 
whereas the 3.40-Mev gamma-ray represents the tran- 
sition to the 3.37-Mev level and from the latter to the 
ground state of Be 10 . The last two transitions are ac- 
companied by the emission of gamma-rays with only 
slightly differing energies. It is obvious, therefore, that 
we observe only one peak for them. 

The determination of intensities by normalizing the 
measurements to neutron binding energy in Be 10 re- 
sulted in 0.73 photons per capture for 6.8-Mev 
gamma-rays and in 0.54 photons per capture for 
3.40-Mev gamma-rays. These values are in good agree- 
ment with Kinsey's data of 0.75 and 0.50 photons per 
capture for gamma-rays of the higher and lower en- 
ergies respectively. 

Sodium 

The sodium sample consisted of 750 grams of chem- 
ically pure sodium fluoride powder. The energy range 
from 0.4 to 7 Mev was examined. Figure 7 shows a so- 
called coincidence spectrum. The coincidence count- 
ing rate is plotted against Up. Figure 8 shows the cor- 
rected gamma-ray spectrum, v(K) versus gamma-ray 
energy in Mev, obtained from the coincidence spec- 
trum after all corrections are made and the spectral 
sensitivity of the spectrometer taken into account. 

Sodium is one of the elements for which the deter- 
mination of number of photons per capture can be 
made by both available methods; by the method of 
normalizing the spectrum with respect to binding en- 
ergy as well as by comparison with a "reference" 
gamma-ray of known strength. The neutron binding 
energy of Na 24 is known to be 6.955 0.007 Mev. 4 
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The capture of tliermal neutrons by Na 23 results in 
formation of a beta-emitting isotope with a half-life of 
15 hours. 6 Mg 24 , the product: of Na 24 beta-decay, is 
formed in the 4.122 = Mev excited state which is de- 
excited by two successive gamma rays with energies 
of 2.754 Mev and 1.368 Mev. These gamma rays serve 
as " reference ?> rays after saturation is obtained and 
their intensity has become one photon per capture. 

The application of both methods for determining 
the number of photons per capture in sodium furnished 
close results, which differ from each other by 7%, the 
greater number of photons per capture being ob- 
tained by the second method. This relatively good 
agreement between two independent determinations 
of gamma-ray intensities justifies each of the sug- 
gested methods and the calculation of the spectral 
sensitivity of the spectrometer. 

The accuracy in the determination of gamma-ray 
intensities is within 15 per cent for strong and well- 
defined peaks and 50 per cent for gamma-rays of 
low intensity. It should be mentioned that the un- 
resolved part of gamma-ray spectrum from sodium 
amounted to 6%. 

Table 2 gives the gamma-ray intensities in num- 
bers of photons per capture, expressed in per cent. 
They are obtained by averaging the intensities de- 
termined by both methods. Table 2 also shows the 
gamma-ray energies. Doubtful energy values are in 
brackets. The results obtained by Rinsey, Bartholo- 
mew, Walker 6 and other authors 8 - 23 - 21 are given in 
Table 2 for comparison. The comparison with our re- 
sults clearly shows the main advantage of our method, 
which permits measuring the gamma-rays in a wider 
energy range. We have observed three times as many 
gamma-transitions in sodium as those observed by 
the authors of reference 6. The comparison of gamma- 
ray energies in the two cases indicates a satisfactory 
agreement, within experimental accuracies. 





Figure 7. Coincidence gamma-ray spectrum from sodium 



I 2 3 * 5 6 ? 

fi r Mev 

Figure 8. Corrected gamma-ray spectrum from sodium 

Comparison of gamma-ray intensities shows a 
noticeable discrepancy. It is, however, also within the 
limits of error which are rather considerable here. It 
should be pointed out that for energies below 4 Mev 
the accuracy of determining gamma-ray intensities 
with the aid of a pair spectrometer is not better than 
40 to 50%. 

We have also established a decay scheme for cap- 
ture gamma-rays of sodium and tried to meet two 
evident requirements: 

1. The gamma-ray energy must fit to within the 
experimental accuracy into the difference between 
level energies in Na 24 which are well known from the 
study of the (d,p) reaction. 4 

2. The number of photons emitted in nuclear tran- 
sition to a given level must be equal to the number of 
photons emitted in transition from that same level. 
The fulfilment of these requirements considerably 
reduces the number of combinations possible for posi- 
tioning gamma-rays between the known levels, though 
it does not permit to establish the decay scheme quite 
unambiguously. Figure ( > shows a possible decay 
scheme for capture gamma-rays of sodium. 4 

In working out the decay scheme for sodium we 
met a difficulty resulting from lack of information 
between 4.56 Mev and the neutron binding energy. 

Thus, with our data on gamma-ray energies and 
intensities, it was impossible to work out the decay 
scheme so that the total number of photons emitted 
from excited state at 6.955 Mev would be one photon 
per capture. This means that in sodium a considerable 
number of transitions from the 6.955 Mev state ter- 
minate at the excited levels above 4.56 Mev. We have 
assumed, therefore, that a part of the transitions lead 
to 4.75 and 5.30 Mev levels. 

We especially looked for the 6.955 Mev transition 
and failed to find it. If it takes place its intensity does 
not exceed 0.1% per capture. 

It can be seen from Fig. 9 that the level at 0.56 Mev 
is excited in the decay with great probability but that 
the 0.47 Mev gamma-ray is emitted. In view of this 
we made a detailed measurement near 0.5 Mev to 
prove the absence of a transition from the 0.56 Mev 
level to the ground state. Figure 10 shows this part of 
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the spectrum on an enlarged scale. The 0.56-Mev 
transition is seen not to show up noticeably. We esti- 
mate the upper limit of intensity of this transition to 
he 0.03 photon per capture. 

As we used sodium fluoride to measure the gamma- 
ray spectrum from sodium we also observed the 
fluorine gamma-rays with an energy of 6.63 0.05 
Mev (see Fig. 7). If we take the thermal-neutron cap- 
ture cross section of sodium to be 0.5 barn, and that of 
fluorine to be 9 millibarn, then our data show the in- 
tensity of the fluorine capture gamma-rays to be 
0.20 0.1 photon per capture, in agreement with the 
result obtained by Kinsey. 

Some weak lines at lower energies may also be due 
to strong gamma-rays of fluorine. 

Sulphur 

The sample was a 1150-gram cylinder of chemically 
pure melted sulphur. The gamma-ray spectrum was 
investigated within the energy range of from 0.4 to 
9.0 Mev. 

Figure 11 shows the coincidence spectrum, and Fig. 
12 the corrected gamma-ray spectrum. 

Table 3 shows the abundances, cross sections, and 
binding energies of the various sulphur isotopes. 7 



Table 3 



Tamet 


Abundance. c ',, 


Contribution to 
total capture 
ircjA.v sett ion 
in barns 


Hindi UK energy 
of pro il jut 
nucleus in 

Met 


S 32 

S 33 
S 34 


95 . n 
0.74; 

4.2 


0.49 
Oil 


8.645 + 0.012 
10.90 0.25 
7.16 0.45 


S 36 


0.016 


2 X 10-* 


5.78 0.60 



These data show that the main contribution to the 
capture cross section is due to the S 32 and S 33 isotopes. 
To prove that the absorption by S" is insignificant, 
Kinsey et al. 1 especially investigated the gamma-ray 
spectrum above l ) Mev. \o gamma-rays were delected 
in this region. No gamma rays corresponding to transi- 
tions from the 10.9-Mev stale to the known levels in 
S 34 were found either. Also, in our own measurements, 
no gamma-rays arising from transitions from the first 
excited levels in S 34 to the ground stale were found. 
Thus the conclusion can be drawn that S s - is the prin- 
cipal absorbing isotope and that the absorption by S :{:{ 
is inconsiderable and makes no noticeable contribution 
to the capture jranvna-rays from sulphur isotopes. 

We determined thj number of protons per neutron 
capture by means of normalization with respect to I he 
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()ur measurements 






/v'/w.vi'y'.v data'' 



(lamina Gamma rav enernv 
ray (Afrr) 



A 


6.40 0.03 


22 


It 


5.61 0.03 


6 


A' 


(5.30 0.05) 


0.3 


H' 


(5.12 1 0.05) 


0.8 


C' 


(4.90 -f 0.05) 


1.2 


D' 


(4.70 0.05) 


0.9 


c: 


4.50 0.04 


2.1 


K' 


(4.30 0.05) 


0.5 


1) 


4.18 .t 0.04 


2.1 


E 


3.98 0.04 


17.2 


F 


3.86 1- 0.04 


5.9 


F' 


3.68 t 0.05 


1.3 


G 


3.60 0.031 




II 


3.56 f 0.03J 


18 


I 


3.30 0.02 


5 


J 


3.08 0.02 


9.5 


K 


2.84 f 0.02 


7 


L 


2.68 0.02 


8.5 


M 


2.52 4- 0.02 


21 


N 


2.41 0.03 


10.5 


O 


2.21 + 0.03 


7.5 


P 


2.02 0.015 


11.5 


Q 


(1.95 t 0.03) 


4 


K 


(1.87 0.03) 


5.5 


S 


1.66 1 0.01 


7.5 


T 


1.35 0.01 


6.5 


U 


0.86 0.01 


44 


V 


0.79 0.015 


4.3 


(V 


(0.71 + 0.015) 


5 


w 


0.47 0.015 


74 



Intensity in 
photons per Gamma-ray energy 
rapture (Mev) 
(per tent) 
3 t 

22 6.41 + 0.03 
6 5.61 0.03 
0.3 
0.8 5.13 1 0.03 
1.2 
0.9 
2.1 
0.5 
2.1 
17.2 3.06 0.03 
5.9 3.85 -f 03 


Intensity in 
photons per 
capture 
(per rent) 

5 

20 

7.5 

1.8 

20 
11 


1.3 
3.60 _t 0.03 
* 3.56 0.03 
5 
9.5 
7 
8.5 
21 
10.5 
7.5 
11.5 
4 
5.5 
7.5 
6.5 
44 
4.3 
5 
74 


10 
20 



(Mcv) 
7 



5.37 
4.82 

4.35 
3.92 



3.55 
3.25 
3.05 
2.79 



Relative 
intensity 



31 
100 

89 
39 



70 
56 
61 
45 



2.0 



1.66 
1.34 

0.877 0.010 
0.86 

0.475 t 0.010 
0.48 
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neutron binding energy of S 33 . Table 4 shows the re- 
sults of measuring the gamma-ray energies and intensi- 
ties obtained that way. It also shows, for comparison, 
the results of measurements by Kinsey, Bartholomew, 
and Walker, 7 made with the aid of a pair spectrometer, 
and Braid's data, 8 obtained with a scintillation spec- 
trometer. Our measurements of gamma-ray energy 
agree well with the data of Kinsey el al. and somewhat 
less well with Braid's data. The gamma-ray intensities 
do not agree so well but the discrepancy is within the 
experimental accuracies. 

Figure 13 shows a possible decay scheme for S 33 . In 
constructing the decay scheme we used the system of 
levels for S 33 obtained from the (d,p) reaction by Holt, 
Marsham, 9 and Davison. 10 Level energies determined 
by the authors are given on the right. The energies of 
protons from the (</,/>) reaction were found by measur- 
ing their range in foils and were determined with an 
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Figure 9. Decay scheme for capture gamma rays of Na 21 

accuracy to within 50 kev. Holt and Marsham' 1 also 




E r Mev 
Figure 10. Coincidence gamma-ray spectrum from sodium near 0.5 Mev 



studied the angular distributions of protons from the 
(d,p) reaction. The scheme also gives for each level the 
values of the captured neutron orbital angular mo- 
mentum / n , as well as possible spin values. 

The transitions corresponding to the 7.20 0.05 
Mev energy could not be fitted into the decay scheme. 
The energy of this transition is close to the neutron 
binding energy in S 34 . If this gamma-ray represents 
the ground-state transition in S 34 , its intensity must be 
about 0.25 photon per capture. 

The positions of most strong gamma rays of high 
energies fit unambiguously in the proposed decay 
scheme for the capture gamma-rays of S 33 . The figures 
on the arrows give the intensities of the gamma-rays 
in number of photons per capture in per cent. A small 
number of gamma-rays corresponding to transitions of 
low energy and intensity could not be fitted into the 
level scheme with certainty. They are indicated with 
dotted arrows. This resulted from an inadequate 
knowledge of the level energies of S 3S . 

Chlorine 

The sample consisted of 470 grams of powdered 
PbCl 2 . 

Figure 14 shows the " coincidence spectrum " of chlo- 
rine and Fig. 15 the corrected gamma- ray spectrum. 

The thermal neutron absorption cross section of 
chlorine (32 barns) is much greater than that of lead, 
therefore the capture gamma-rays from lead could not 
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Figure 1 1 . Coincidence gamma-ray spectrum from sulphur 
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contribute noticeably to the spectrum obtained. Also, 
the neutron capture cross section of Cl 37 is f^so of 
that of C1 3& , therefore the measured neutron capture 
gamma-ray spectrum was due to the Cl 35 isotope. 

We determined the gamma-ray intensities in the 
spectrum of chlorine by means of normalization with 
respect to the neutron binding energy of Cl 36 . 

Table 5 shows the gamma-ray intensities and ener- 
gies thus measured. The unresolved part of the spec- 
trum was 16%. Table 5 also gives the results of 
Kinsey et al. 1 and the data obtained with scintillation 
spectrometers. 8 ' 1 !il2 Our values of gamma-ray energies 
agree well with the results obtained by other au- 
thors. 7 - 8fllii2 However, comparison of our measure- 
ments of gamma-ray intensities with the data obtained 
by Kinsey points to a considerable discrepancy for a 
number of gamma-rays, which can be explained 




Kiev 



Figure 1 2. Corrected gamma-ray spectrum from sulphur 



neither by experimental nor by statistical errors. The 
reason for this discrepancy is still uncertain. 

Figure 16 gives a decay scheme based on our meas- 
urements of gamma-ray energies and intensities and 
on the level scheme of Cl 36 obtained from (</,/) reac- 
tion studies. 13 - 14 

The energy-level positions found from a study of 
the (</,/> ) reaction are given on the right hand side of 
Fig. 16. As the decay scheme indicates, double-cascade 
transitions occur in Cl 36 in many cases. For the first 
four levels this is confirmed by Recksiedler and 
Hamermesh. 16 The equality between the sum of ener- 
gies of gamma-rays in each cascade and the neutron 
binding energy in Cl 30 confirms the correctness of the 
decay scheme. Table 6 shows this for 12 cascades. 
As may be seen from the table, the sums agree rather 
well with the value of the neutron binding energy. 

Results in Table 6, and the fact that gamma-ray 
intensities in the cascades agree between themselves, 
strongly support the proposed decay scheme. 

DISCUSSION OF RESULTS 

Some data are available on spins and parities, ob- 
tained from the study of the angular distribution of 
protons from the (d,p) reaction for a number of levels 
in Be, Na, S and Cl. Such studies permit the values of 
the captured neutron orbital angular momentum l n to 
be obtained. The knowledge of l n enables one to find 
possible values of the total momenta for these levels. 
Besides the level energies, the decay schemes also 
give the values of / and, where possible, the total 
momenta. Making use of these data it is possible to 
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Table 4 
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Our measurements 
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deduce the multipole order of some gamma-ray 
transitions. 

If also the total radiative width I\ is known for 
a given nucleus, we shall be able to find partial radia- 
tive widths F r for the transition of interest from the 
relationship r r = p(E)\\, where p(E) is the number 
of photons of given energy per capture. The partial 
radiative widths thus obtained can be compared with 
the results of calculations of radiation probabilities 
based on Blatt and Wcisskopf's formulas. 16 

Weisskopf gives the following expressions for the 
probabilities of electric and magnetic type transitions 
accompanied by 2 7 '-pole quantum emission: 



= 4.4(A + 1) / 3 Y/_ 
" A[(2/.+ l)!!pU + 3/ Vl97 

1.9(7. + 1) / 3 V/ 

M MT = -- I I I 

/,[(27, + !)!!] V- + 3/ \1 



hv __ 

7 Mev/ 



(7) 



(8) 

where R is the nuclear radius in units of 1()~ 13 cm and 
S is a statistical factor which depends on the spins of 
the original and final states and on the multipolarity 
of the radiation. 

The transition probabilities of Equations 7 and 8 
have been calculated for the lower levels, which in 
many cases can be described as one-nucleon excita- 
tion levels. The radiation probabilities for excitation 
energies of the order of the neutron binding energy, 
as shown by Weisskopf, 16 are obtained by multiply- 



ing Equations 7 and 8 by the factor D(E)/D^ where 
D(E) and DQ are the average level spacing at the ex- 
citation energy E and the level spacing for the lower 
levels, respectively. 

The quantity |M| 2 = IF exp / 'W ' theor is usually calcu- 
lated for making comparisons between experimental 
and theoretical data, where W exp and Wtheor are the 
transition probability obtained experimentally, and 
that calculated with Equations 7 and 8, respectively. 
In the present case it is more useful to calculate the 
value \M\*D*/D(E) = \M\*/2I)(E) because DO for 
sulphur, sodium, and chlorine is ~0.5 Mev. The de- 
parture of this value from unity is a measure for the 
discrepancy between experimental and theoretical 
data. 

Gamma Rays from S :<:< 

We have determined multipolarities of six gamma- 
ray transitions (four E\ and two Ml) from the cap- 
turing state = of .S' 33 . This stale has spin % and even 
parity. Holt and Marsham 9 assumed that some levels 
in S 33 can be ascribed to the excitation of the odd 
neutron. To this type belong all the levels which are 
the final states for El transition from the capturing 
state. We assume in calculations that radiation of FA 
type represents the transition of one odd neutron. In 
this case Equation 7 must be multiplied by the factor 
(///I) 2 . The statistical factor S can also be easily cal- 
culated for the transitions of the FA type. 

In S 33 two transitions of Ml type from the captur- 
ing state to the ground and first excited states can be 
identified aside from the transitions of El type. If we 
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assume that this radial ion is also due to a single-neu- 
tron transition, these are the transitions of type 
s te ~"> SM and SH > </^. Such transitions are forbidden 
in the independent-particle nuclear model. They be- 
come allowed, however, in case of the introduction of 
spin-orbit interaction, as was shown by Jensen and 
Mayer. 19 The fact that the selection rules for the in- 
dependent-particle model are not satisfied in case of a 
transition to the first excited level, is in agreement 
with the fact that probably the state of at least two 
particles is changed in this transition. This is the con- 
clusion drawn by Holt and Marsham from the "per- 
forated" nature of the first excited state. In view of 
this, Equation 8, in fact, cannot be applied to predict 
the probabilities of these transitions. Therefore the 
comparison of experimental results with Weisskopf s 
predictions of probabilities of magnetic type transi- 
tions is ambiguous. To take into account the fact that 
the radiation is due to a neutron transition, Equa- 
tion 8 must be multiplied by the factor (/in/.) 2 / 
[ P L - (L/L + I)] 2 . The statistical factor 5 may also 
be calculated. 

Table 7 gives the results of the comparison between 



the calculations and the experimental values of the 
transition probabilities. Of the two possible values of 
the spin in the final state we choose the one which 
gives the lowest spread in the \M[* values for all 
gamma rays of the same multipolarity. 

From the decay scheme of S 33 we can draw a con- 
clusion about the parity and the spin of the 7.44 Mev 
state. As transitions from higher states probably ter- 
minate at this level, they must be of El type in order 
to compete with other transitions. Thus the 7.44 Mev 
excited state must have a spin of J^ or % and be of 
odd parity. 

Gamma-Rays from Chlorine 

The ground state of Cl 86 having a spin of % and 
even parity, it follows that after capturing a thermal 
neutron with zero orbital angular momentum, Cl* 6 is 
formed in the state 1+ or 2+. The transition to the 
ground state, which is the state 2* - 20 will produce 
gamma-rays of Ml type and possibly E2 type, the 
probability of the latter being considerably smaller. 

Studies of the angular distributions of protons from 
the (d,p) reaction on Cl resulted in the captured neu- 
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Figure 15. Corrected gamma-ray spectrum from chlorine 

tron orbital angular momenta / n . 14 However, with the 
exception of two rases of capture, which led to the 
1.15 and 1.59 Mev excited states, the angular dis- 
tributions of protons showed several l n values which in 
some cases correspond to states of different parities. 
This makes the determination of / uncertain and re- 
sults in uncertainty of probable spin and parity 
assignments for Cl 36 . The neutron is captured to give 
the 1.15 and 1.59 Mev levels with zero orbital angular 
momentum; consequently Cl 36 may be formed in 
states 1+ and 2+. The observed gamma transitions to 
the ground state as well as to the levels at 1.15 and 
1 .59 Mev are of magnetic dipole type. We assume that 
the radiation emitted as in case of S 33 is due to a single 
neutron transition, and, in the calculation of transi- 
tion probabilities introduce an additional statistical 
factor as in reference 27, bearing in mind that the 
nucleus has a momentum. The comparison of intensi- 
ties of the transitions leading to 1.15 and 1.59 Mev 
levels permits assigning the spins both to these levels 
and to the capturing state of Cl 36 . Consistent results 
for experimental-to-theoretical intensities ratio can be 
obtained with the assignments of 2 + , 1+, for the 1.15 and 
1.59 Mev levels, and 1 ' for the neutron capturing state. 

The results of the comparison between experi- 
mental and predicted radiation probabilities for the 
three transitions arc presented in Table 7. 

We can draw the following conclusion concerning 
spins and parities of some states: As the transition 
from the 2.51 Mev level leads mainly to the 1.97 Mev 
level there must be either a great difference between 
the spin of the 2.51 Mev level and that of all the other 
levels (except 1.97 Mev level), or the transition to the 
1.97 Mev level must be of FA type to compete suc- 
cessfully with transitions to other levels. 



Gamma-Rays from Sodium 

The transition from the capturing state to the 
ground state has not been observed in the spectrum of 
sodium. Na 24 in its ground state has spin 4 and even 
parity. The lowest neutron resonance of sodium is at 
$ kev leading to a 2+ state. 25 It is likely that this state 
is mainly formed in thermal-neutron capture. Then, 
using the results of studies of angular distributions of 
protons from the (d,p) reaction as well as our decay 
scheme for the capture gamma-rays we can make the 
assignments of 0+, I 4 , and 1+ for the first, second, and 
third excited levels in Na 24 respectively. It then be- 
comes uncertain whether the observed 1.35-Mev 
transition can proceed from the third level to the 
ground state. This gamma-ray may, however, corre- 
spond to a transition between some higher levels. The 
second and third excited states being 1+ states, the 
transitions from the 6.96-Mev state to them are of 
magnetic dipo ] e type. 

The results of comparison between calculated and 
experimental probabilities for these two Ml transi- 
tions in Na 24 fire included in Table 7. 

Column 9 o* TabU- 7 gives the data obtained by 
Kinsey and Bartholomew. The slight difference be- 
tween our comparison of experimental and theoretical 
data and that of Kinsey can be explained by the dif- 
ferent use of the statistical factor. 

Many transitions seem to occur from the state at 
6.96-Mev to high levels in sodium. It should be pointed 
out that these transitions are of electric dipole type 
and that they terminate at levels which have spins of 
1, 2, and 3 and odd parities. 

Gamma-Rays from Beryllium 

The levels at 3.37, 5.96, 6.18 and 6.26 Mev are 
known to exist in Be 10 between its ground state and 
the capturing state. According to the shell model lie 9 
in its ground state has odd parity. It follows from the 
study of the (d,p) reaction that the ground state and 
the 3.37-Mev state of Be 10 have parities different from 
that of the ground state of He". This means that the 
thermal neutron capture gamma rays must be of El or 
M2 type. The spin of Be 9 in its ground state is %. The 
state of Be 10 formed upon thermal neutron capture 
may be 1~ or 2 . The ground-state transition and the 
transition to the 3.37-Mev level are probably of El 

type. 

The ground state of Be 10 is 0+ whereas the 3.37 Mev 
state is 1+, 2+, or 3+. If the capture radiation were of 
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Figure 16. Decay tcheme for capture gamma rays from Cl 36 
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,1/2 type the difference between the two possible 
transitions would be much greater because of stronger 
dependence of quadrupole type transitions on energy. 
As therefore transitions to the ground state and to the 
level at 3.37 Mev are of the electric dipole type the 
intensities of possible gamma transitions to higher 
levels are lower by several orders of magnitude. There- 
fore they cannot be detected with our apparatus, and 
can be neglected in determining the number of photons 
per capture. The total radiative width for He 10 was 
found by extrapolating the empirical curve obtained in 
reference 28 to .1 == 10. This extrapolation, however, 
seems to be not quite valid. It is possible that due to 
this fact the experimental radiation probability is 
overestimated as can be seen from Table 7. As to the 
relative probabilities of ground-state transitions and 



transitions to the 3.37 Mev level, they are well pre- 
dicted by the Weisskopf formulas provided an addi- 
tional neutron is taken into account. 

It is seen from Table 7 that (\M\-/2D)S is nearly 
constant. This means that the Weisskopf formulas 
give correctly the variation of partial widths with 
gamma-quantum energy for FA and Ml transitions, 
as well as correct relative probabilities for these transi- 
tions. The fact that (\M\-/2D)S is close to unity 
indicates that despite the crude approximations made 
by Weisskopf the formulas do give absolute widths 
quite well. 

CONCLUSIONS 

These results of measurements of the gamma-ray 
spectra produced by thermal-neutron capture in nu- 
clei, show that the application of a Compton-electron 
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Figure 17. Coincidence gamma-ray spectrum from graphite thermal 
column 




Figure 18. Corrected gamma-ray spectrum from graphite thermal 
column 

spectrometer widens the possibilities of getting infor- 
mation on nuclear properties. 

The study of gamma-ray spectra for Be, Na, S and 
Cl allowed the determination of the emission proba- 
bilities of y-radiations of various multipolarities for a 
number of gamma transitions in these nuclei. The 
theory is in quantitative agreement with the experi- 
mental data. 

The measurements of gamma-rays in a wide energy 
range lead to a reliable decay scheme of Cl 36 and a 
considerable refinement of the level system of this nu- 
cleus. The spins of the first three excited states of 
Na 24 , the spins of the second and third excited levels 
of C1 3B and the spin of the thermal neutron capturing 
state of chlorine were deduced. 

APPENDIX 

The study of thermal-neutron capture gamma-rays 
makes it possible to analyse the chemical composition 
of the material irradiated with neutrons. The spec- 
trum of gamma-rays escaping from the channel of the 
graphite thermal column is given below as an illustra- 
tion. The spectrum was measured with the spectrome- 
ter described above* with the arrangement shown in 
the top of Fig. 17. Gamma-rays from the reactor core, 
from the graphite reflector and from the reactor shield 
fall upon the radiator of the spectrometer, the gamma- 
rays from the core passing through the reflector. 
Figures 17 and 18 give the spectra obtained, the first 
showing the coincidence spectrum and the second a 
corrected gamma-ray spectrum. 

* The spectrum was obtained at the first stage of the invest! 
Ration with a poorer resolution than that quoted in the paper. 



Analysis of this spectrum shows that the main con- 
tribution at Ej > 3.5 Mcv is due to gamma-rays 
arising from neutron capture in the steel which is 
used as a structural material in the reactor, and in the 
graphite. The steel contains iron, nickel, and chro- 
mium. Accordingly, the spectrum shows gamma-rays 
from iron with R y - f ).3, 7.6, 6.0, and 3.5 Mcv, fro'm 
nickel with JR y = 9.0, 8.6, and 6.8 Mev, and from 
chromium with E y = 9.7, 8.9, and 8.5 Mev. The 
capture gamma-rays from graphite lie at R y = 4. 9 and 
3.6 Mev. 

In the energy region of R y < 3.5 Mev the spectrum 
is not resolved because of many overlapping lines of 
various substances and because of scattered radiation. 
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Investigation of the Structure of Molecules and the Structure of 
Liquids by Scattering of Thermal Neutrons 



By J. A. Janik, Poland 



1. INTRODUCTION 

It is well known that the cross-section for scattering 
of slow neutrons by hydrogen-containing molecules 
depends on the geometrical structure of these mole- 
cules. The theory of the scattering of slow neutrons by 
rigid molecules of gases was given by Sachs and 
Teller. 1 They obtained the following formula for the 
cross-section for scattering of a slow neutron by a 
proton bound in a rigid molecule: 



where <r, = SO X 1()~ 24 cm 2 , 7' , 7'i are terms 
which depend on the energy of the neutrons and on 
the energy of the translational motion of the molecules, 
M = H(MI + Ma + MS) and MI, Mz, Ma are factors de- 
fined in the following manner: 

A so-called "mass-tensor" M of a molecule is intro- 
duced. It is defined by: 



where r\, r->, r- A are the co-ordinates of the atom con- 
sidered with respect to the principal axes of inertia of 
the molecule, J\, /a, / :t are the moments of inertia of 
the whole molecule with respect to these axes, and 
J/o is the mass of the molecule. 

A dimensionless tensor n = mM~* is introduced, 
where m is the mass of the proton. The characteristic 
values of this tensor are ni, ***, n- A . Then 



1 

Mi = r-, - "' M'2 = 



I 



1 + n. 



1 
1 + a 



It may be supposed that the theory of Sachs and Teller 
(valid for molecular gases) also may be applied to 
many liquids. In this case it is necessary to replace the 
bracket (T + J\ -f ) by 1. This corresponds to 
neglecting the energy of the translational motion of 
the molecules in comparison to the energy of the 
neutrons. 

It is evident, that from the theory of Sachs and Tel- 
ler we cannot obtain values for the cross-sections in 
full agreement with the experimentally obtained ones, 
because in practice we never have to deal with rigid 
molecules. The internal motions existing in molecules 
may be divided into two categories: (1) valence vibra- 
tions, and (2) free or hindered rotations. 



The intluence of valence vibrations on the scattering 
of slow neutrons by molecules was theoretically con- 
sidered by Messiah. He showed that the result of this 
influence is a lowering of the cross-section values in 
comparison to the theory of Sachs and Teller. 2 This 
lowering is experimentally observed. 

The influence of hindered rotation of two-atom 
groups in a molecule with respect to each other on the 
scattering of slow neutrons was theoretically con- 
sidered by Kotos. 3 This influence also causes a lower- 
ing of the cross-section (in comparison to a rigid 
molecule), depending on the potential barrier of the 
hindered rotation. 

In the light of these considerations it seems to be 
interesting to test experimentally the theory of Kotos 
for several different molecules, as well as to prove the 
possibility of investigating the association in liquids 
containing hydrogen bonds based on a semiquantita- 
tive treatment of the theory of Sachs and Teller. 
This experimental work was done in recent years in the 
Laboratory of Nuclear Physics of the Polish Academy 
of Sciences in Krakow. 

2. APPARATUS 

The apparatus consisted of a source of slow neu- 
trons, llat vessels for the scatterers, and a detector of 
neutrons. All measurements were made with a very 
weak source of photoneutrons (200 mg Ra surrounded 
by about 1 kg of He powder) slowed down in a layer 
of paraffin wax, 6 cm thick. 

The neutron detector was a boron lined ionisation 
chamber connected to a linear amplifier. 

3. INVESTIGATION OF THE INFLUENCE OF HINDERED 

ROTATION IN MOLECULES ON THE SCATTERING 

OF THERMAL NEUTRONS 

Experimental work on, this problem was carried out 
by Janik in 1953. 4 - 6 

The substance used was methyl alcohol. It is well 
known from spectroscopic data that the proton of the 
OH-group in the CIIaOH molecule can rotate around 
the CO-axis. This rotation, however, is not free, but is 
rather a torsional oscillation on account of the rela- 
tively high potential barriers formed by the three 
protons of the CH 3 -group. The frequency of this tor- 
sional oscillation (known from spectroscopical meas- 
urements) is about 250 cm" 1 . 6 
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Measurements of the cross-section of the CH 8 OH 
molecules for the scattering of neutrons were made 
using neutrons with Maxwellian velocity distributions 
corresponding to the temperatures of 300K and 80K. 
The 80K-neutrons were obtained by cooling the 
paraffin wax, which was used to slow down the neu- 
trons, by liquid air. The results are : 

Cross-section of CH 5 OH molecule for 300K-neu- 
trons: 180 7 barns. 

Cross-section of CH 8 OH molecule for 80K-neu- 
trons: 227 10 barns. 

Cross-section of CH 8 OH molecule theoretically 
evaluated from the theory of Sachs and Teller: 
247 barns. 

These results are in good agreement with the theory 
of Kotos. The lowering of the cross-section, especially 
for 300K-neutrons, in comparison to that of the rigid 
molecule (247 barns) is much greater Than that caused 
by the valence vibrations in the CH 3 OH molecule. 7 

In this interpretation, however, the influence of 
molecular association in methyl alcohol was not taken 
into account, and it is well known from many physical 
and physico-chemical data that the methyl alcohol is 
strongly associated by the hydrogen bonds. There are 
experimental facts, however, from which one can 
deduce the existence of a hindered rotation in liquid 
CH 3 OH analogous to that in the gas phase, but still it 
seems to be necessary to perform some further experi- 
ments on the scattering of neutrons on the molecules 
which are known not to be associated. In this connec- 
tion measurements of the cross-section for the scatter- 
ing of thermal neutrons by the CH 3 SH molecule were 
recently made. The results are in agreement with the 
theory of Kotos. 

4. INVESTIGATION OF THE MOLECULAR STRUCTURE 

OF LIQUIDS BY THE SCATTERING OF 

SLOW NEUTRONS 

In 1951 experiments were carried out by J'anik, 8 
which suggest the possibility of investigation of the 
molecular structure of liquids by measurement of the 
scattering of neutrons. In this work the scattering of 
neutrons on aqueous solutions of sulphuric: acid of dif- 
ferent concentrations was investigated. If in the solu- 
tions of sulphuric acid only 1I 2 SO 4 molecules were 
present, the attenuation coefficient (for scattering) 



for every concentration could be easily evaluated 
from the coefficients for pure H 2 O and H 2 SO 4 . The 
experimentally measured neutron attenuation coeffi- 
cient, however, is lower than that estimated in 
this manner, for low concentrations of sulphuric 
acid (up to 40%), and greater than that for higher 
concentrations. 

The interpretation might be that the result for low 
concentrations is caused by the influence of the elec- 
trolytic dissociation of the I^SOi molecules. The in- 
crease in scattering for greater concentrations of the 
acid, however, is caused by hydration of H2SO4 
molecules, i.e., by attaching of the H 2 O to the H 2 SO 4 
molecules. 

In terms of the theory of Sachs and Teller this fact 
may be interpreted as follows: 

The H 2 O molecule if attached to another molecule 
loses the possibility of rotation. This has the same 
effect as that of increasing the moments of inertia of 
this molecule, which means increasing the values 
Mi, Ma, MS and p, and hence increasing the cross-section. 

These experiments suggest the possibility of investi- 
gating association in other liquids containing hydro- 
gen bonds by scatteriusj of thermal neutrons. In this, 
the neutron method could supplement other methods 
generally used in these investigations (optical, ultra- 
sonic, etc.). 
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Thermal Inelastic Scattering of Cold Neutrons in Pol/crystalline 
Solids 

By K. S. Singwi and L S. Kothari,* India 



1. INTRODUCTION 

The theory of the influence of thermal motion on 
the scattering of cold neutrons in crystals was first 
worked out as early as 1944 by Weinstock. 1 Using the 
Fermi pseudo-potential and the Born approximation, 
he calculated the temperature variation of the inelas- 
tic scattering cross-section of cold neutrons in poly- 
crystalline solids. His theory was found to be in rea- 
sonable agreement with experiments, until it was 
noticed by Cassels 2 that for aluminium at a tempera- 
lure of about 700K, which is nearly twice its Debye 
temperature, the observed value of the total inelastic 
cross-section was 15% greater than that calculated 
on the basis of Weinstock's theory. Similar discrep- 
ancies have since been observed by Squires 8 in mag- 
nesium and nickel and by Hughes 1 in beryllium. 

At temperatures close to or greater than the 
Debye temperature of a solid one would naturally ex- 
pect deviations from the simple Weinstock theory, 
since it takes account of only those processes in which 
a single phonon is exchanged and neglects the contri- 
bution of multi-phonon processes. This contribution 
becomes appreciable at high neutron energies and also 
for high temperatures of the scatter, since in the 
former case a neutron can emit while in the latter it 
can absorb many phonons. A calculation of the con- 
tribution of these multi-phonon processes has been 
attempted by Squires* and discussed more recently 
and somewhat in greater detail by Plac/ek. 5 Since 
from our experience in solid slate physics we know 
that even very near the melting point of a solid the 
amplitude of the atomic vibrations is only a fraction 
of the lattice distance, it seems reasonable to sup- 
pose that once the multi-phonon contribution has 
properly been taken into account, the theory should 
hold good almost right up to the melting point of a 
solid. 

The total inelastic scattering cross-section can be 
expressed as a sum of two terms, the coherent and the 
incoherent parts. The former is the interference part 
of the slow neutron scattering whereas the latter is 
the diffuse scattering arising due to spin and isotope 
disorder (we shall not be concerned here with mag- 
netic diffuse scattering). Squires has attempted to cal- 
culate the contribution of the multi-phonon processes 
to both the coherent and the incoherent parts. He 

* Atomic Energy Kstablishmcnt, Trombay. 
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decomposes the total cross-section a into partial cross- 
sections <TI, corresponding to the emission or absorp- 
tion of / phonons a procedure I he convergence of 
which becomes progressively poorer with increasing 
neutron energy and also with higher temperatures of 
the scatterer. For example, he finds that in the par- 
ticular case of magnesium he has to consider processes 
involving the exchange of as many as live phonons to 
account for the observed total inelastic scattering 
cross-section. To overcome this difficulty, Placzek 6 
expands the total incoherent cross-section in inverse 
powers of M, the ratio of nuclear to neutron mass, 
and show? that on account of certain compensation 
effects the new series is very rapidly convergent for M 
moderately large compared to both unity and 776, 
() being the Debye temperature of the solid. It, there- 
fore, becomes a simple matter to calculate the total 
incoherent cross-section. To get the total inelastic 
cross-section Plac/ek makes what he calls the "inco- 
herent approximation." As we shall show, it is pos- 
sible to extend his method to an exact calculation of 
the coherent part as well. It will be seen that Placzek's 
incoherent approximation is not always justified. 

The present paper is divided into four main sec- 
tions. In section 2, unlike Weinstock 1 who uses oscil- 
lator wave functions to represent the temperature dis- 
placements of the lattice points, we use the field 
theoretical method and represent the temperature dis- 
placements by a sum of emission and absorption op- 
erators. The calculation of the transition probability 
then became an easy matter involving simple alge- 
braic operations of these operators. We have also 
generalized Weinstock's theory to take account of 
multi-phonon processes. Our method provides an al- 
ternative proof of the Debye- Waller factor, which in 
our notation is the expectation value of a certain op- 
erator. \Ve believe this derivation is simpler than that 
given by Born and Sarginson 6 in the analogous case 
of temperature scattering of X-ray. 

In section 3 general expressions for both the inco- 
herent and coherent cross-sections, using the usual 
Debye frequency spectrum of a solid, are derived. 
The coherent cross-section hitherto not treated rig- 
orously, is examined in detail. It is shown that the 
coherent part is a sum of two terms arising as a result 
of the replacement of a sum by an integral. The mag- 
nitude of the correction term is different for different 
order j>rocesses and also depends upon the wave- 
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length of the incident neutrons and upon the crystal 
symmetry. 

The main as well as the correction terms of the total 
coherent inelastic cross-section are put in "Placzek" 
form and for cold neutrons explicit expressions are 
derived under two approximations (1) M 1, 
r/0 > 1, and (2) M small (~10) and 770 > 0.5. 

In the last section numerical results obtained from 
the above theory are discussed in the case of magne- 
sium, aluminium, iron, lead and beryllium. The cor- 
rection term in the case of magnesium is 4% whereas 
in lead it is on the average +22%. Agreement between 
theory and experiment for magnesium and aluminium 
is fairly good. On account of the extra magnetic scat- 
tering of neutrons in iron it is not possible to verify 
the theory of thermal inelastic scattering from meas- 
urements on this element. Nevertheless, the calcula- 
tion is of importance in estimating the magnetic 
contribution to the total scattering. So far no experi- 
mental results are available to us for lead ami for 
beryllium the one experimental result that is known 
within the temperature range we have considered 
agrees well with theory. 

2. GENERAL MATHEMATICAL THEORY 

We shall express all quantities in dimensionless 
units. Our unit of length would be (/& 2 /2wo&oB)^ and 
that of energy & O; where k is the Holtzmann con- 
stant, Wo is the neutron mass, h is Planck's constant 
divided by 27r, and 6 the Debye temperature of the 
solid. 

Let the position of the crth nucleus at any instant be 

R a = a + u a (1) 

where // is its displacement from the equilibrium posi- 
> 

tion a. The displacement u, is decomposed as 

I X > l-> /^ -if. -.a i _ ik ,T.. a \ /'}\ 



where M m/m Q is the ratio of nuclear to neutron 
mass, A r is the total number of nuclei in the crystal, 

& is the energy of the phonon corresponding to the 

> 

wave vector /j, , is a unit polarization vector and a/*, 
a, are respectively the emission and absorption op- 
erators for phonons of wave vector /y. The summation 
in Equation 2 extends over both j and s (s = 1, 2, 3, 
corresponding to the three directions of polarization 
of the phonon). The matrix elements of the operators 
ay* and ay are 

<,+ t|a,*h> = (,+ !) (3a) 

fokK + 1) = (m + 1) (3b) 

- - 

where w> is the number of phonons of type /y. They 
also satisfy the following commutation relation 



We assume a slow neutron to interact with a nu- 
cleus according to the pseudo-potential V(r) dis- 
cussed by Fermi. 7 



V( r ) = 4iro6(r) 



(5) 



where a is the scattering length of the nucleus. In gen- 
eral the scattering length is different for different 
nuclei in the crystal depending upon their spin and 
isotopic mass. For nuclei with zero spin and no isotope 



(T 8 being the bound scattering cross-section. 

The matrix element for the transition of a neutron 
from the initial state corresponding to the wave vector 

#i, to the final state corresponding to wave vector k* is 
evaluated by using the pseudo-potential of Equation 5 
and the Born approximation, the validity of which has 
been discussed by Fermi. 7 The wave function of a 
neutron inside a crystal is taken to be 

* > 
ifr(r) = e i k " r (6) 

The wave function of the phonon field is represented 
by !>,*, . . .) Making use of Equations 1, 5 and 6 we 
have for the matrix element 



= 4ir 



\n j9 n k , . . .) (7) 



where a a is the scattering length of the oth nucleus, and 

n/ is the number of phonons of the type /, in the final 
state. The phonon wave functions have not been writ- 
ten down explicitly on the left hand side of Equation 
7 for reasons of simplicity. 

Single Phonon Process 

For the transition of a neutron from the initial state 

- * 

k\ to the final state k in which only single phonon/, is 
absorbed, Equation 7 becomes 



3 AT 

X 11 



^) (8) 



where we have put 



Now consider / fl | ._i fB| ., which is defined as 



On simplification we obtain 



(11) 
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This recurrence relation leads to 



/'Vl.n,-! + ' ' ' + /''O.U) (12) 



Starting from 



one also gets the result 

/'ny.n, = i*r*Qi..** f *t-l.*i + *Vl,n,-l 

Substituting /''n,.,,,, from Equation 13 in Equation 11 
and comparing the result with Equation 11 we find 
that provided terms of the order I/A' are neglected in 
comparison with unity, 



This when applied to Equation 12 leads to the 
following result 

/Vi."/ ~ 'V\V'X,, (H) 

Substituting Equation 14 in Equation 8 we obtain the 
following 



ir.ff 1 ^i.^"*'"*' ) X ri''n,.n, (15) 



Multiphonon Process 

It is simple to generalize the above one phonon 
treatment to the case of multiphonon processes. The 
matrix element corresponding to the absorption of say 
/ different phonons is given by 



3AT 

X II 

J-i 



(16) 



It may be mentioned here that the probability for the 
absorption of two phonons of the same type is A 7 1 
times the probability for the absorption of two differ- 
ent types of phonons. 

The average value of the square of the matrix ele- 
ment, on using Equation 9, is 

:\N 



M 1 - 



(II 



n iK -0 >-l 



(17) 

\r / *-4 } ~ * 

*-l * j-1 

where w(/) is the probability that there are % pho- 



nons of the type/,- in the field at temperature T and is 
given by 



w(w;) = - ~ ----- = - < 
\ ^-(, 



(18) 



T being the temperature of the scatterer in units of 0. 
To evaluate the various sums over the phonon 
numbers in Equation 17 we consider 



(19) 



n-O 



where r; is any complex on umber. Making use of 
WeyPs 8 identity 



a simple algebraic proof of which has also been given 
by Nanda 9 and Equation 18, we obtain 



(21) 



n-O 



The matrix element in Equation 21 is easily evalu- 
ated by expanding the exponentials involving the 
operators a and a*, and we get 



Substituting Equation 22 in Equation 21 and noting 
that the series in n is just the binomial expansion of 
(1 - r* /T )-*-^ we obtain 



= exp - 



(23) 



We can similarly show that, provided terms of the 
order 1717* can be neglected in comparison to unity 



- I) 



,-0 



(24) 



Making use of results of Equations 23 and 24 with 
17 = QJ.O Qj, p we find that the sums over HJ in Equa- 
tion 17 when averaged over all lattice points are inde- 
pendent of ff to within our approximation. Using 
Cassel's 10 result 



A> - a 2 ) 



J-l 



to simplify the summation over <r and />, we obtain 
finally 
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<*ji'M f -/ifex/T (*i -*o **.y n* v //r - 1)- 1 

\Jn 1\ )\,^j / 



r iv /- - 

X \Ns + S \ ) exp '( ki fc s 

<r 

where we have put 



>-i 



(25) 



(26) 

In Equation 25 the terms proportional to A- and S 
represent respectively the incoherent and coherent 
scattering. The factor 



exp 



1 V ' ~* ~* 

- > fr l (*i - 2 c 



) 2 coth 



2T 



is the well-known Debyc- Waller factor and under the 
usual Debye approximation reduces to 



6F ~~* 
exp - - -- (ki 

M 



(27) 



where 



*--,[ l 

2 Jo 



2T 4 

^ & dij . 
Jo *? ~ 



(28) 



3. INCOHERENT AND COHERENT SCATTERING 
CROSS-SECTIONS 

The inelastic scattering cross-section is obtained on 
multiplying Kquation 25 by ki/16ir 2 Nki. We have seen 
that the total scattering divides into two parts, the 
incoherent and the coherent part. We shall now dis- 
cuss each of them separately. 

Incoherent Scattering Cross-Section 

In the general case when / phonons are absorbed, 
the incoherent cross-section per unit solid angle per 
scattering nucleus is given by 



X exp - Oh - 7,)' X [] fe- 



- I)" 1 (29) 



where k* is related to ki and through the energy con- 
servation condition 



(30) 



y-i 



Replacing the sums over by integration and using 



the usual Debye approximation, we obtain after some 
simplification 



= 2^1 ( 2 i)' n /> (-* 2! - o 



*t+*i OF 



(31) 



where we have replaced (1 &) 2 by / 2 . 

If formally we let & take both positive as well as 
negative values, we can combine the scattering cross- 
section for the absorption of / phonons with that for 
the emission of / phonons in one single formula and 
obtain 



Vinroh.l = ^T-^r, ( TIT ill/ j [ COth 7T7/ 1 ) 

2kSl\ \2M/ ** J-i \ 27 / 

/*4-A:i _6F 2 

Jf y / c Af^sw-i^ (32) 



The total incoherent cross-section is 

= V 

VncoA, ^ ff incofc,Z 



(33) 



Coherent Cross-Section 

The contribution of the coherent part to the total 
inelastic scattering cross-section has been estimated 
by Squires 3 in a rather unsatisfactory manner. We 
shall, therefore, discuss this in a little more detail. 

The coherent part of the scattering is proportional 
to the second term on the right-hand side of Equation 
25. N'ow 

-* > ' 
t(*i-*+ S //) 



i-i 



(34) 



where T is a reciprocal lattice vector. The vectors in the 
argument of the 6-function are in cartesian co-ordinate 
space. B is the volume per nucleus in ordinary space 
and represents the Jacobian of transformation from 
the reciprocal to the cartesian system of co-ordinates. 
Equation 34 is valid for a cubic crystal, and a suitable 
change has to be made for any other crystal sym- 
metry. For example, for a close-packed hexagonal 
structure the right-hand side of Equation 34 has to be 
multiplied by ^(1 + cos ^>), where <p is a function of 



the components of r. 

From Equations 25, 27 and 34 it follows that the 
coherent cross-section per unit solid angle per scatter- 
ing nucleus, corresponding to a process in which / 
different phonons are absorbed or emitted, is 
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BkJ 



y-i 



- * O 2 (35) 



J-l 



To get the total cross-section a cohll for a poly-crystal, 
Equation 35 has to be integrated over all directions of 

k and averaged over all directions of k\. Fortunately 
the angle dependence is contained only in the argu- 
ment of the 6-function in Equation 35. Using the 
result (see Weinslock 1 ) 



/ sin 9 kl dO kl I tt<p kl 2ir 

47T 



f* 
I si 

./() 



and replacing the summation over the phonon wave 
vectors by integrals and making the usual Debye ap- 
proximation, we obtain 



.. ~* v 7* 



In Equation 37 the sum over T extends over all 
possible values of r consistent with the energy con- 
servation condition (Equation 30) and the momentum 
conservat ion condition : 



ki- k+ /, = ITTT (38a) 

j-i 
which may also be written as 

I ^ V - 

k ~ k } < I 27TT - ^ /,- j < k-> + k l (381)) 

J-l 
It is laborious to evaluate Equation 37 since one has 

to sum over a large number of T values, even for a 
single phonon process. We, therefore, replace the sum- 

mation by an integration over r (Squires). 8 However, 
this needs a little care, for one may easily drop terms 
that give an appreciable contribution to the final 
result. 
Consider 



dr 



(39) 



Making a Fourier expansion of 



Tn) and using 



the result exp (2irir n -cr) = 1, where a is any lattice 
vector, we obtain 



f(Tn) 



The first term for <r = 0, is Hff(r) dr 
The other terms are 

H ^L '" f ^ (T -^ exp 27r/V ' T )" g dr 

a 

where / is the number of nuclei at the lattice distance 

ff. The quantity (exp 2iri<r r) ava , which represents the 
average over various directions, can readily be evalu- 
ated and we obtain 

V/(r n ) = K f f(r)dr 

n 

+ y / f V) si " 

2L/ J ' 2ir 

a 

Making the substitution 



y- 1 
we find from Equations 37 and 40 that we can write 

00 

*coH s (er^.!* + (r ( . oA ./ 1 ) = a fotl + cr^ 1 (41 ) 

/ = ! 

where 



/A:,fA:, / 6// 

X / expf- T^' 2 

7*,-*, \ ^/ 



(42) 



and the correction term is 



(coth A - l) X + j exp (- f ,) ^ sin at * 

(43) 

In Equations 42 and 43 it should be remembered that 
k-> is related to the phonon energy f through the 
energy conservation condition of Equation 30. 

If we compare Equations 42 and 32 we find that the 
two expressions are the same apart from the constant 
factors S and 5. Thus PlaczekV assumption of in- 
coherent approximation is justified only so long as the 
correction term of Equation 43 is small. As we shall 
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show later, Equation 43 in most cases makes an ap- 
preciable contribution to the final result. 
Consider the main term of the coherent cross-section 
as given by Equation 42. For M 2> 1, and T, we can 
expand the function exp ( 6FP/M), and integrate 
term by term over /, obtaining 


1 I 180 

A, = sin (a(l + fa 2 )**) 1 - - + 90 - 7a 2 

1 I *- 
+ {( 30(r + 2(7 3 ) k\ + (2(7 3 24<7)fa 8 | cos(7&j 

+ C7(l + fa 2 )' 1 * COS ((7(1 + fa 2 )*) T py ~ 30 + (7 2 

+ k 2 (2<r 2 24)1 sin ^ + |^l(Vr ^ )t 

J Sill (7 ! |l ^ I 


] 


-2MI (2) 2j2ff + , + iy, 



+ 



1 ) - (fa - 



rffe (44) 



The total cross-section <7 cofc is obtained by summing 
Equation 44 over all values of / from 1 to oo . (/ = 6 
would correspond to elastic scattering and is left out 
of present considerations.) The final result can be 
expressed as a series in \/M. 



M* 



(45) 



where 



A (l> ^ S / ' 
lk\- J -i 



k * ( 
\ 



coth " 



To integrate this we expand coth (/2T) and change 
the variable of integration from to 2 , by using the 
energy conservation condition 



For T > 1, we get 

2T_i J_\ 
5 7 54r/ 



For all the cases that we have considered here, except 
that of beryllium, /1< 2) /3f 2 is negligible, being about 



We can obtain a similar expansion in the inverse 
powers of M for o^ 1 . Straightforward, though a little 
lengthy, calculation leads to the result 



-ElF 
A/ J/ n 



where 



with 



(47) 



^) (48) 



9 = sin ((7(1 + *, 2 ) w )[{-14 
+ {(12<7 - 4(7 3 )*i 

(7(1 + kl*)* COS ((7(1 + fcl 

sin (rki 12(7&i cos 



(49a) 



2 + 12<r 2 fa 2 )sinrfa 
8 } cos a*!] 

- 2(7 2 - 4(7 2 ^! 2 } 

(49b) 



1120 560 140 
__ + ._ _ ... . 



3 
- 
2 



/ 28 140 ,350 1 A 
( ---- h -T-O- - ~<7M 
\a 3 (7 3 3 / 



120 



40(7 
3 



+ (7(1 + *,) COS ((7(1 + *,)) [ {-^ - ^ + f 



440 , 
- ,+ 
3(7- 

280 



f . 

12 - - 
3 

140 



8 
- 
3 



(49c) 



the other terms in the expansion of Equation 47 being 
small. 

Tn the case of beryllium, on account of its small mass 
and high 9, apart from certain other terms that be- 
come important in A/M, /l (2) /Jl/ 2 also makes a sig- 
nificant contribution. A W /M* should also be calcu- 
lated and seen that it is small. We have not done this 
so far as the calculations become extremely lengthy. 
But we hope that A/M* is very small since our 
calculated values agree well with experiment. Correc- 
tion is applied only to A (i) /M, since any correction to 
A/M* is beyond the accuracy we claim for our 
results. Putting iy = 4T for simplicity, the various 
expressions for the case of beryllium become 



S[( 



'A _ 1 + JL _ -S-^ 

10 7 27ij 5857>V 
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A (2) 


WS f/2 48 32 \ 
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It may be noted that the correction term of Equa- 
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considered, is a function of k\ as well as T. 




128 


4. DISCUSSION 




2()25T76 


On the foregoing theory we shall now discuss the 
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inelastic scattering of cold neutrons by polycrystal- 
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, Debye ^ s 1 


Wavelength in A of the (barns} (for the Crystal 


Crystal 


JV/ temperature fi \ ft\ \ 


neutrons used is ^ ? / <ii \ ^ , 




mo o o^ lOorwjj V0arw5; 


indicated within particular wave len^in) symmetry 






brackets 


Mg 


24.12 305 3.6 0.1 


. 2827 (6 . 25) . 2 Close-packed hexagonal 


Al 


26.72 398 1.5 


. 1933 (8.0) 1 . 02 Face-centred cubic 


Fe 


55.34 420 11.4 0.4 


0.215 (7.0) 9.9 Body-centred cubic 


Pb 


205.3 88 11.5 0.1 


. 3963 (8 .3) . 78 Face-centred cubic 


Be 


8.937 1000 7.54 


. 0976 (10 W 0) . 056 Close-packed hexagonal 
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ABSORPTION 



I 1-5 2 *5 

TEMPERATURE (IN UNITS OF 9) 

Figure 1. Magnesium, total cross section against temperature: curve B, 
total theoretical cross section using incoherent approximation of 
Placzek; curve A, total theoretical cross section with correction included; 
X, experimental points (Squires) 

line magnesium, aluminium, iron, lead and beryllium. 
The values of the various constants used in the pres- 
ent calculations are given in Table 1. 

Magnesium 

In Fig. 1 we have plotted the total cross-section 
which is the sum of the observed absorption cross- 
section and the calculated scattering cross-section. 
Curve B is got by adding to the coherent contribu- 
tion given by Equations 45 and 46, the incoherent 
contribution obtained by substituting s for S in the 
same two expressions. It includes the absorption cross- 
section a a which is also shown separately in the figure. 
The result of adding to curve H the correction term 
ffcoh 1 obtained from Equations 47, 48 and 49 is shown 
by curve A . 

We find that to get the final result correct to 
within 1%, six terms of the series in Equation 48 
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Figure 2. Aluminium, total cross section against temperature: curve B, 

total theoretical cross section using incoherent approximation of 

Placzek; curve A, total theoretical cross section with correction included; 

X, experimental points (Cassels) 
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TEMPERATURE (IN UNIT0 OF0) 

Figure 3. Iron, total cross section against temperature: curve B, total 

theoretical cross section using incoherent approximation of Placzek; 

curve A, total theoretical cross section with correction included; X, 

experimental points (Squires) including magnetic scattering 

have to be considered. The experimental points indi- 
cated in Fig. 1 are those of Squires. 3 

The net correction i* negative and contributes about 
4% to the total scattering cross-section for all tem- 
peratures of the solid that have been considered. It 
may be remarked that the series of Equation 48 con- 
verges very slowly. One would wish for a more rapidly 
convergent series but so far as calculations go, Equa- 
tion 48 serves fairly well because the expressions in- 
volved are purely algebraic. 

The agreement between theory and experiment is 
fairly good. But it should be borne in mind that all 
calculations involve the assumption of the Debye fre- 
quency spectrum for the solid. One would indeed be 
surprised if the experimental values could be ex- 
plained exactly on the above theory. For the few 
crystals for which the frequency spectrum has been 
calculated from force constants, it is found that the 
spectrum deviates markedly from the usual smooth 
Debye curve. However, since we are interested only 
in the integrated properties, the error involved in as- 
suming the Debye frequency spectrum appears to be 
comparatively small as is shown by the fact that our 
results agree well with experiment. 

Aluminium 

Cassels 2 has obtained some experimental results on 
the scattering of cold neutrons by aluminium and has 
tried to lit a one phonon theory. We have also calcu- 
lated on the basis of the foregoing theory the scatter- 
ing of 8 Angstrom neutrons by aluminium at various 
temperatures. 

The results are plotted in Fig. 2. Curves -1 and B 
have the same meaning as in the case of magnesium. 
The correction to the total scattering cross-section is 
again negative and its contribution varies from about 
13.9% at T = 1 to 15.5% at 7\= 2.5. Four terms in 
the series of Equation 48 were necessary to obtain the 
result correct to within 1%. 
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Iron 

Palcvsky and Hughes 11 and Squires 1 - have reported 
some experiments on the scattering of cold neutrons 
by iron. In this case besides the scattering due to lat- 
tice vibrations, there is also present a magnetic scat- 
tering. An exact calculation of the contribution of 
lattice vibrations to the total scattering, is of impor- 
tance in order to estimate the magnetic contribution 
and to verify its theory. The results of our calcula- 
tions are shown in Fig. 3. The correction term ff f0 h l is 
negative and its contribution varies from 7.9% at 
T = 1 to about 10.0% at T = 3.5. To obtain the 
final result correct to within 1% seven terms were 
considered in the scries of Kquation 48. 

Lead 

The results of calculations for lead are presented in 
Fig. 4. The correction in this case is rather large and 
positive. Tt contributes about 22% in the tempera- 
ture range from T = 3 to T = 7. Six terms in Equa- 
tion 48 suffice for a result correct to within 1%. It 
would be interesting to compare our results with ex- 
perimental values when they become available. 

Beryllium 

On account of its low nuclear mass and high Debyc 
temperature, beryllium has to be treated separately 
from the other elements that we have considered. The 
total scattering cross-section was calculated from 
Equations 41, 45, 47 and 50 to 55. The various impor- 
tant quantities are shown in Table 2. The final re- 
sults are plotted in Fig. 5. Tt will be seen from Table 2 
that the correction (which is B/M) to A^/M is of 
the same order though opposite in sign to A&/M' 2 . 
Both these terms are nearly 10% of the main term 
AW/M. To be sure one should also calculate A/M* 
and # (2) /jV/ 2 but we have not done so because the 
lack of accurate experimental results on beryllium 
does not warrant the extreme labour involved in the 
calculations. We expect that these higher order terms 
would not contribute more than a few per cent. The 
only experimental result available on beryllium is that 
given by Hughes. 13 The one experimental point at 
T = 0.9 which falls within our calculated range lies 
quite close to the corrected curve. 

ACKNOWLEDGEMENT 

Part of this work was done during the authors' stay 
at Service Physique Mathematique, C.K.N., Saclay, 
France, and we are grateful to Professor Yvon and 
Dr. Horowitz for making the facilities of their dc- 




ABSORPTION 



2 3 4 5 

TEMPERATURE (IN UNITS OF0) 

Figure 4. Lead, total cross section against temperature: curve B, total 

theoretical crass section using incoherent approximation of Placzek; 

curve A t total theoretical cross section with correction included 
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Figure 5. Beryllium, total cross section against temperature: curve B, 

total theoretical cross section using incoherent approximation of 

Placzek; curve A, total theoretical cross section with correction included; 

X, experimental points (Hughes) 
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Table 2 


T 


0.50 


O.625 


0.75 


0.*75 


1.00 


l.SO 


JW/Af 1 
<r f0 k (barns) 
<r,,,/f (barns) 


2.509 
0.212 
-0.270 
2.45 
2.51 


3.681 
0.354 
-0.349 
3.68 
3.74 


4.911 
0.509 
-0.370 
5.05 
5.11 


6.172 
0.678 
-0.361 
6.49 
- 6.54 


7.451 
0.852 
-0.320 
7.98 
8.04 


12.681 
1.580 
4-0.109 
14.37 
14.43 
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Neutron Diffraction Research in the United States 



By E. O. Wollan and C. G. Shull,* USA 



I. INTRODUCTION 

Neutron diffraction as a practical research tool is a 
product of the so-called atomic age since it depends 
for its successful application on the high thermal neu- 
tron iluxes obtainable from nuclear reactors. An in- 
crease in the availability of reactors will undoubtedly 
result in an increase in the number of research groups 
who will become actively engaged with neutron 
diffraction techniques and it is with this hope in mind 
that a review of work in this field is presented. 

The first efforts in this field were concerned pri- 
marily with basic neutron scattering phenomena but 
it has become apparent that the long range possibilities 
of this new technique lie in solid state studies of mag- 
netism and of crystal and molecular structure. It will 
be principally with this aspect of the subject that this 
review will be concerned and the work to be reported 
here will include illustrative examples of that carried 
out in the USA. Up to the present, research in this 
field in this country has been supported in the three 
national laboratories, Argonne, Brookhaven and Oak 
Ridge in which several independent research groups 
have been involved. We are especially indebted to 
Drs. L. M. Corliss, J. M. Hastings, H. A. Levy, R. 
Pepinsky, W. L. Roth and S. S. Sidhu for contributions 
used in the preparation of this survey report. 

The work is reported in three sections, the first of 
which deals with the methods, the types of problems 
which can be studied and with a few general principles 
of neutron scattering as compared with the corre- 
sponding X-ray case. In the last two sections the 
results and conclusions from a number of specific 
studies in the fields of crystallography and magnetism 
are briefly surveyed. For the reader who is interested 
in the theory and the experimental details there is 
included a brief bibliography in addition to the refer- 
ences to papers herein discussed. 

II. PRINCIPLE METHODS AND SCOPE 

Thermal neutrons such as those obtained from slow 
neutron reactors have wave lengths comparable to 
atomic dimensions and the diffraction patterns from 
molecules and crystals are similar to those obtained by 
the more common X-ray technique. There are, how- 
ever, significant differences between the interaction of 
neutrons and X-rays with matter and it is these dif- 
ferences which have made neutron scattering such an 
important new tool in studies of solid state phenomena. 

* Oak Ridge National Laboratory. 



X-rays interact primarily with the atomic electrons, 
whereas for neutrons there arc two important scatter- 
ing interactions, one with atomic nuclei and the other 
with the atomic moments in magnetic systems. These 
two types of interaction are the bases of the two 
major fields of application of neutron scattering to 
the study of solid state problems. For the one, neu- 
tron diffraction is supplementary to X-ray diffraction 
in the study of molecular and crystal structure prob- 
lems, the other which involves the unique magnetic 
interaction furnishes a completely new method of 
attack for the study of magnetic problems on the 
atomic level. 

For the basic theory of neutron scattering as applied 
to these fields the reader is referred to the original 
papers. A brief survey will be given in this section of 
the methods and type of problems to which the new 
techniques can be applied. 

For crystal and molecular structure problems the 
nuclear scattering properties must be considered. For 
X-rays the coherent atomic scattering cross section 
per unit solid angle in the near forward direction is 
equal to ZV/(w 2 <; 4 ) = 0.73 Z* barns per sleradian 
where Z is the atomic number, the barn is a cross sec- 
tion unit equal to 10~ 24 cm 2 and the other quantities 
have their usual significance. The X-ray cross section 
of hydrogen is thus seen to be near one barn whereas 
for a heavy element such as lead it is about 6000 barns. 
The X-ray scattering cross sections vary monatomi- 
cally with atomic number whereas for the coherent 
scattering of neutrons by atomic nuclei the cross sec- 
tions have no regular trend, and their values except 
for a few cases lie in the much narrower range from 
about 1 to 10 barns. With X-rays the scattering is by 
the atomic electrons, and hence for wave lengths of the 
order of atomic dimensions interference effects within 
the atom give rise to a form factor fall off with angle 
of the effective scattering power of the atom whereas 
with neutrons the nucleus being effectively a point 
scatterer relative to the wave lengths of thermal neu- 
trons the scattering cross section will be independent 
of angle. 

There are also other effects associated with the scat- 
tering of neutrons which are not encountered with 
X-rays. Different isotopes of a given element, for 
example, may have quite different neutron scattering 
properties. The spins of nuclei can interact with the 
neutron spin, and there may be two comparable cross 
sections for the same nucleus, one for neutron and 
nuclear spins parallel and one for the antiparallel case. 
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The neutron wave scattered by nuclei can either be in 
phase or 180 degrees out of phase with the incident 
neutron wave; in fact these two situations may obtain 
for the two spin states of a given nuclide as is actually 
the case for the scattering of neutrons by hydrogen. 
These effects can alter the effective coherent scattering 
by the atoms in crystals and molecules. Some of these 
effects will be illustrated later for specific cases. It will 
be well first, however, to look briefly at the technical 
aspects of neutron scattering. 

The thermal neutrons from a reactor have a Max- 
well energy distribution. A typical distribution curve 
is shown in Fig. 1 as a function of neutron wave length. 
In the same curve there is shown also a typical X-ray 
spectrum with the characteristic monochromatic line 
radiation, which is so important for the X-ray tech- 
nique and for which there is no counterpart in the 
neutron source. A monoenergetic beam of neutrons is 
obtained by Bragg reflection from a crystal of a rela- 
tively narrow band of neutron wave lengths in the 
Maxwell distribution of the thermal neutrons from a 
reactor shown in the figure. Such a band gives a much 
less well defined monochromatic beam than is realized 
in the X-ray case from a spectral line and as a result 
the resolution obtained in neutron experiments will 
be inferior to the corresponding X-ray case. This has, 
however, not proved to be a really serious obstacle to 
progress with the neutron methods. 

Neutron spectrometers are basically the same as 
their X-ray counterparts, but they are in general much 
more bulky because (a) rather massive shields are re- 
quired to protect the personnel and the counting 
equipment from stray neutrons and gamma rays 
emerging from the reactor, (b) larger beams are re- 
quired for sufficient intensity, and (c) the BF 3 count- 
ers which are usually used for detecting the scattered 
neutrons are much larger than X-ray counters, and 
they also require considerable shielding for background 
reduction. 
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A schematic drawing of a neutron spectrometer 
unit is shown in Fig. 2. The monochromating crystals 
in use at present are usually metal crystals, lead, cop- 
per or aluminum, since they are less perfect and hence 
reflect a broader energy band for greater intensity 
than could be obtained from the more perfect com- 
pound crystals. The beam hole from the reactor is 
usually made quite large ^4 cm in diameter and the 
beam collimator after the crystal is in a typical case 
for powder diffraction experiments about 1 in. high 
by % in. wide. A corresponding acceptance slit in 
front of the counter would be about 1 in. X J^ in. 
For improved resolution smaller slits are used or 
preferably multiple Seller type slits can be used in 
front of the counter and also in conjunction with the 
first crystal. 

For efficient operation in this field reliable amplifiers 
and sealers and automatic beam monitoring and data 
recording devices are essential. 
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Figure 1. Wavelength distribution of the thermal neutrons from a 
reactor and a typical spectrum from a copper^ target X-ray tube 



Figure 2. Diagrammatic sketch of neutron spectrometer 

The scattering by nuclei in the neutron case and by 
the distributed electron cloud in atoms for the X-ray 
case is well illustrated by the curves of Fig. 3 for a 
diatomic molecule. The details of the interatomic in- 
terference effects are more pronounced with neutrons 
for which there is no form factor fall off of intensity. 
In crystals this is also apparent but here the tempera- 
ture motions of the atoms introduce a statistical 
spacial extent to the nuclear positions which intro- 
duces a fall off with angle of the neutron scattering 
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Figure 3. Angular dependence of scattering of X-rays and neutrons 
from a diatomic molecule 

also. In the neutron case, however, this fall off arises 
from the temperature motion and thus this effect can 
be more easily recognized than in the X-ray case. 

Some typical neutron powder crystal diffraction 
patterns will be shown to illustrate some of the more 
important neutron scattering characteristics. 



Figure 4 shows the tirst two diffraction peaks for 
samples of normal NiO and samples for which the 
nickel has been highly enriched in one of its constitu- 
ent isotopes. 1 The curves have been normalized so 
that the intensities can be directly compared. The 
intensities of the (200) reflections in these patterns are 
proportional to the square of the sum of the scattering 
amplitudes of the nickel and oxygen nuclei and the 
(111) reflections represent the square of the difference. 
One observes that Ni 68 has a large scattering cross 
section (^26 barns) and the scattering is in phase with 
the scattering from oxygen (positive phase). For Ni 60 
the cross section is small (~1 barn) and of positive 
phase whereas for Ni 82 the (200) reflection is nearly 
absent, and hence this nucleus must scatter with 
negative phase to cancel the oxygen scattering to this 
line. 

The scattering by hydrogen is also of negative phase 
while that from deuterium is of positive phase. Pat- 
terns 2 for the scattering by ThII 2 and ThD 2 in which 
one sees the opposite phases in hydrogen and deu- 
terium are shown in Fig. 5. The very large diffuse 
scattering for the ThH 2 case is also apparent. This 
arises from the fact that there are two spin states in 
hydrogen with comparable amplitude values one of 
which scatters with positive phase and one with nega- 
tive phase. This reduces the coherent cross section of 
hydrogen to about 2 barns from the total cross section 
value of about 80 barns. These patterns are a striking 
illustration of the value of neutron diffraction in ob- 
serving a hydrogen atom in the presence of very heavy 
elements. For X-rays the scattering amplitude of hy- 
drogen would be only about one per cent of that of 
thorium, and hence interference effects between them 
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Figure 4. First two diffraction peaks from NiO with normal and isotopically enriched nickel 
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Figure 5. Diffraction patterns for ThH 2 and ThD 
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could hardly be expected to be observed. For neu- 
trons the scattering amplitudes are quite comparable 
and in addition, use can be made of the fact that the 
scattering by the hydrogen and deuterium is of oppo- 
site phase. 

Studies of hydrogen positions in complicated sys- 
tems cannot be profitably made by the powder tech- 
nique alone. With single crystals the lower resolution 
as compared to the X-ray case is of less significance. 
With single crystals the Bragg reflections can be 
studied to high orders of reflection, and hence much 
more data becomes available for the analysis. Studies 
of this type will be taken up in the next section. 

When two atoms have very nearly the same scatter- 
ing power, they become indistinguishable. With 
X-rays for example it. is difficult without resorting to 
special devices to distinguish Fe from Co. For neu- 
trons, however, these elements have very different 
scattering amplitudes and hence, for example, super- 
structure lines in an FeCo alloy 3 can be distinguished 
as shown in Fig. 6. 

The other important interaction of neutrons with 
atomic systems involves the spins or magnetic mo- 
ments of the neutron and the atom. Since these mag- 
netic moments are associated with the electron spins 
and also in some cases with the orbital currents in the 
atom the moment distributions will extend over the 
atom, and in this case there will be intra-atomic inter- 
ference effects which will lead to a form factor angular 
dependence of the neutron scattering. The scattering 
arising from the interaction of the neutron with the 
moments in magnetic atoms will, of course, be accom- 
panied by and can interfere with scattering by the 
atomic nucleus of these atoms. The different proper- 



ties of these two interactions do, however, in most 
cases allow the scattering contributions from the two 
effects to be identified and separately studied. 

For a paramagnetic crystalline solid, in which the 
spin moments are randomly oriented, the magnetic 
scattering by the atoms in the crystal will be inco- 
herent and will appear as a diffuse scattering, whereas 
the nuclear contribution will for most cases be pri- 
marily confined to the Bragg peaks. Tn the diffuse 
scattering, besides the magnetic contribution, there 
will be contributions from multiple scattering from the 
thermal motion of the atoms and possibly from other 
sources. It has, however, been found possible to make 
corrections for these nonmagnetic contributions and 
thus to determine the residual magnetic part only. 

The paramagnetic scattering of neutrons 4 by sev- 
eral paramagnetic salts containing Mn+ 2 ions is shown 
in Fig. 7. The MnF 2 curve corresponds very closely 
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Figure 6. Diffraction pattern for ordered FeCo showing superstructure 
lines 
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Figure 7. Paramagnetic scattering by several salts containing divalent 
manganese 

to the scattering by individual Mn+ 2 ions, the inter- 
ference effects leading to the decrease of intensity with 
angle being ascribable entirely to the spacial distribu- 
tion of the magnetic electrons in the atom, in this case 
the five 3rf electrons of Mn+ 2 . One thus has here a 
technique for determining the electron distribution 
function for specific electron groups in an atom 
whereas with X-rays it is the atom as a whole which 
is observed. From the scattering curve illustrated in 
Fig. 7 the radial density distribution for the electrons 
in the 3</ shell can be obtained as shown in Fig. 8. The 
paramagnetic scattering curve for MnO in Fig. 7 
shows an intensity distribution characteristic of a 
liquid. This is ascribed in the magnetic case to short 
range order in the orientation of the spin moments 
which introduces some coherence between the scat- 
tering by groups of atoms in the solid. 

When all the moments in a magnetic crystallite are 
aligned parallel as in a ferromagnetic material the 
magnetic scattering will be in phase with the coherent 
nuclear scattering, and both will appear as contribu- 
tions to the Hragg peaks. Here also it is possible in 
most cases to separate the magnetic and the nuclear 
scattering effects; in fact there are several means by 
which this can be accomplished. Considering for ex- 
ample the case of a-cobalt, if one evaluates the differ- 
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Figure 8. Distribution of 3d electrons in the Mn+* ion as determined 

from the angular dependence of the paramagnetic scattering by 

MnFz or the antiferromagnetic reflections in MnO, for example 
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Figure 9. Differential scattering cross section of cr-Co showing magnetic 
form factor dependence of ferromagnetic reflections 



ential scattering cross sections associated with the 
Bragg peaks of a powder pattern, 6 one obtains the 
points shown as circles in Fig. 9. Since it is known 
that the nuclear scattering is isotropic except for a 
small temperature effect correction, it is evident that 
the fall off of the cross-section values with scattering 
angle are to be associated with the form factor of the 
magnetic moment distribution of the 3d electrons in 
this clement. An example of another more powerful 
approach to the problem of separating the magnetic 
and nuclear scattering effects is shown 6 in Fig. 10. 
From the theory it is found that the magnetic scatter- 
ing contribution to a given reflection depends on the 
angle between the atomic moment vector k and the 
unit scattering vector <>, the intensity contribution 





Figure 10. Influence of magnetic field orientation on ferromagnetic 
" scattering in (1 1 1) reflection of Fe 3 O 4 
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being proportional to sin 2 a. The figure shows the 
(111) reflection from Fe 3 O 4 for (a) unmagnetized, (b) 
magnetized perpendicular to the scattering vector, 
and (c) magnetized parallel to the scattering vector. 
In the latter case the magnetic scattering should be 
zero, and the residual peak is due to nuclear scatter- 
ing only. 

Probably the most significant contribution of neu- 
tron diffraction to the study of magnetic phenomena 
is that associated with antiferromagnetic and ferri- 
magnetic systems. In antiferromagnetic systems the 
spins of the magnetic ions in a crystal are arranged on 
two or more interpenetrating lattices for which the 
spins of one will be parallel, and of another they will 
be antiparallel to a given direction in the crystal so 
that the magnetic moments completely cancel on an 
atomic scale. In systems referred to as ferrimagnetic 
there are similar ordered arrangements of parallel and 
antiparallel spins, but the net moment of one sub- 
lattice does not cancel that of the other in a two sub- 
lattice system. A considerable amount of information 
regarding the nature of these types of magnetic sys- 
tems was obtained in an indirect way from specific 
heat and susceptibility data, and much credit must 
go to the early workers in this field for the excellence 
of the deductions regarding them. With the neutron 
diffraction techniques it has, however, now become 
possible to directly determine the magnetic structure 
of such systems, and as a consequence a completely 
new approach to problems of this type is possible. 

One of the earliest such systems to be studied 4 was 
<x-Fe 2 O 3 for which a neutron diffraction pattern is 
shown in Fig. 11 together with an X-ray pattern of 
the same sample. The two innermost lines in the neu- 
tron pattern fall at superstructure positions for which 
there is no contribution in the X-ray case or from 
nuclear scattering in the neutron case. These lines 
originate from the antiferromagnetic structure, the 
nature of which is shown on the left in Fig. 12 where 
the circles represent the iron atoms only. The transi- 
tion temperature or Neel point at which the antiferro- 
magnetic ordering sets in is for this case well above 
room temperature at which the pattern was taken. 
An additional magnetic transition in a-KeaOa was 
found to occur at low temperatures which was as- 
cribed to a rotation of the direction of the magnetic 
axis as shown on the right in Fig. 12. 

In many cases the ordering transitions are found to 
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Figure 11. Neutron diffraction pattern of r*-Fe-jO.< showing antiferro- 
magnetic superstructure rejections, and X-ray pattern included for 
comparison 

occur at low temperatures. The antiferromagnetic or- 
dering 4 which has developed at 80K is shown for 
MnO in Fig. 13 where the room temperature pattern 
is included for comparison. Several such antiferro- 
magnetic systems have now been studied, some of 
which will be discussed in the last section. 

Ferrimagnetism in which the atomic magnetic mo- 
ments do not completely cancel, and the substance 
shows strong ferromagnetic properties is well illus- 
trated by members of the ferrite series of compounds 
of which magnetite Fe 3 O4 is a special case. Several 
members of this group of compounds have been stud- 
ied. Figure 10 showed the (111) line from an Fe 3 O 4 
pattern and the magnetic field effects previously men- 
tioned for this pattern showed the ferromagnetic char- 
acter of the reflection. The more complete studies of 
this and other ferrite compounds have given the mag- 
netic structure and the distribution of moments on 
the lattice sites. 

III. CRYSTALLOGRAPHIC APPLICATIONS 

The application of the neutron diffraction tech- 
niques to crystallographic problems has its greatest 
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Figure 12. Antiferromagnetic structures for Fe 2 Oa observed at room temperatures and at 80K 



72 



VOL. II P/579 USA 



E. O. WOLLAN and C. G. SHULL 




50** 



SCATTERING ANGLE 



Figure 1 3. Room temperature and low temperature patterns for MnO 

showing antiferromagnetic superstructure lines which have developed 

at the lower temperature 

value in cases where the neutron scattering amplitudes 
are more favorable than the equivalent X-ray or elec- 
tron amplitudes. 

Foremost in this classification of problems are those 
dealing with the location of hydrogen atoms in crystal 
structures. As mentioned earlier, the neutron scatter- 
ing by hydrogen or deuterium nuclei is quite compa- 
rable to that of other nuclei, and hence the neutron 
intensities diffracted by a hydrogen-containing crys- 
tal are sensitive to the hydrogen positions in the crys- 
tal lattice. With the exception of the simple hydrides, 
most hydrogen-containing crystals are fairly complex 
structures, and these have been attacked by single 
crystal techniques rather than by the powder or poly- 
crystalline method. 

In addition to the problems of hydrogen-containing 
crystals, the neutron scattering methods have proven 
useful in settling structural ambiguities in such cases 
as heavy metal oxides and ordering in metallic alloys. 
Because of the absence of a form factor in nuclear 
scattering, the neutron method has been successfully 
applied in obtaining additional structure information 
on amorphous materials and liquids. 

A number of these structural and crystallographic 
investigations will be discussed in the following with 
only brief mention of the results in each case. 

Alkali Hydrides 

The first demonstration of the coherent scattering 
of hydrogen and deuterium came in the early powder 
diffraction studies 6 on NaH, NaD, LiH, LiD and KH. 
These results confirmed the suspected NaCl-type 
structure for these hydrides and gave the first values 
for the sign and magnitude of the coherent scattering 
amplitudes of H and D. 

ThH 2 -ThD 2 -ZrD 2 -UD 3 

These heavy-element hydrides represent extreme 
cases of heavy-light atom combination and the poly- 
crystalline scattering data 2 - 7 showed the hydrogen 



atom positions in the different lattices. The powder 
patterns for ThH 2 and ThD 2 have already been given 
in Fig. 5, and the pronounced difference between these 
two patterns illustrates strikingly the effect of the 
reversed sign of the hydrogen scattering amplitude 
relative to that for deuterium. 

Ice 

Early neutron diffraction data 8 for polycrystalline 
samples of frozen D 2 O had suggested the correctness 
of the Pauling picture of the hydrogen structure in 
ice as deduced from thermoclynamic data. In this 
model, each hydrogen atom was considered to reside 
in disordered fashion at either of two positions along 
an O-O linkage bond. A more extensive investigation 
has recently been carried out. by Levy and Peterson 9 
using the single crystal technique, and one of their 
Fourier projections is shown in Fig. 14. The contour 
lines in this figure connect regions of uniform scatter- 
ing density and an oxygen scattering center is seen 
close to the center of the figure and deuterium centers 
surrounding it. Another oxygen atom is to be found 
at the top of figure (but not. shown) along the vertical 
line connecting O-J^D-J^D-O. At the points labelled 
Hi), there is equal probability of finding the deute- 
rium atom at either of two J^O positions along any 
one O-O bond. 

Potassium Bifluoride 

Using single crystal techniques, Peterson and Levy 10 
were able to demonstrate that the hydrogen atom in 
KIIF 2 occupies the central position along the F-F 
linkage bond. This is in contrast, to the situation in 
ice described above wherein the hydrogen atom was 
to be found in disordered positions along the O-O 
bond. These two examples illustrate the importance 
of the neutron scattering data in an understanding of 
the mechanism of hydrogen bonding in crystals. 

Ammonium Halides 

Various crystallographic transitions have been 
known to occur in NII 4 C1, NH 4 Br and NHJ, and 
these have been considered to represent the develop- 
ment of different degrees of order in the orientation 




Figure 14. Fourier projection plot of the distribution of scottering'power 
in Ice (Levey and Peterson) 
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Figure 15. Diagrammatic representation of various structure modifications in NDjBr (Levy and Peterson) 



of the ammonium group in the crystal structure. In a 
series of papers, 11 Levy and Peterson report the re- 
sults of investigations on many of these transitions, 
and Fig. 15 summarizes the findings for the four 
phases which exist in Nl) 4 Br. In ND 4 Br (for which 
most of the results were obtained) three transition 
temperatures of 125, 58 and 104C separate the 
different structural regions. Phase I exists above 125C 
and Fig. 15 shows three alternative structures which 
would account for the neutron scattering observations. 
Each of these, I (a), I(b) and l(c) represents only a 
single orientation among a group of six, twelve and 
eight, respectively, occupied at random, so in the high 
temperature phase there exists a very considerable 
orientation disorder. In Phase II the disorder has 
been reduced to a two-fold degree and in Phases III 
and IV orientational disorder is absent except for the 
effects of temperature disorder. Various theories of 
these different transitions have been given in the lit- 
erature and the neutron scattering data have been 
instrumental in clarifying the general picture. 



Hafnium and Titanium Hydrides 

A recent study of the phases produced when hydro- 
gen is occluded into hafnium and titanium has been 
made by Sidhu, Heaton and Xauberis. 12 For the com- 
position HfHi. 6 , they find a CaF 2 -type structure with 
only a fraction of the fluorine sites occupied by hy- 
drogen atoms. For higher hydrogen concentration, 
the number of vacant fluorine sites decreases and at 
the same time the cubic unit cell splits tetragonally. 
Patterns for TiD2 showed a face-centered cubic lattice, 
again of the CaF 2 -type. 

Potassium Dihydrogen Phosphate 

This material has been of interest to crystallo- 
graphers because of its transition to the ferroelectric 
state below a temperature of 121K. The development 
of ferroelectricity below this temperature implies that 
unbalanced electric dipole moments exist in the unit 
cell of the crystal structure, and this has been thought 
to be caused by a repositioning of the hydrogen atoms 
in the lattice. In order to establish this, neutron dif- 



74 



VOL II 



P/579 



USA 



E. O. WOLLAN and C. G. SHULL 



fraction studies have been carried out by Levy, 
Peterson and Simonsen 18 and by Pepinsky and 
Eraser 14 and by Bacon and Pease 16 at temperatures 
above and below the transition temperature. These 
studies show that the hydrogen atom resides at or 
around the center of the oxygen-oxygen linkage bond 
at high temperatures whereas at low temperatures it 
moves to a new equilibrium position near one or the 
other of the oxygen atoms at the ends of the bond. 
This is shown diagrammatically in Fig. 16. 

Along with these hydrogen atom conclusions, the 
neutron scattering data as well as improved X-ray 
scattering data have shown some previously unsus- 
pected potassium and phosphorus atom displacements 
below the ferroelectric transition. The significance of 
this is not established as yet, but it may be that these 
displacements are of importance in explaining the 
electrical properties. 

BaTiO 3 -PbTiO 3 -Rochelle Salt-NH 4 H 2 PO 4 

Interest in these structures follows closely that in 
KIIoPO4 since all of these structures exhibit ferro- 
electric transitions. Making use of more favorable 
neutron scattering amplitudes, Pepinsky, Frazer and 
Danner have been studying all of these structures 
with the goal of determining the ionic displacements 
which arc responsible for ferroelectric and antiferro- 
electric transitions. 

Rare-Earth Sesquioxides 

X-ray diffraction investigations of rare-earth sesqui- 
oxides such as La y O:i, Pr-jOa, etc. had left unsettled the 
oxygen positions because of the low relative scattering 
power of the oxygen atoms. In their studies of mag- 
netic scattering effects in these compounds, Koehler 
and Wollan 18 were able to establish the oxygen posi- 
tions without ambiguity from the powder patterns 
obtained with neutron radiation. 

Ordering in Alloys 

Many alloys of interesting properties exist as com- 
binations of transition elements and neutron diffrac- 
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tion data have been instrumental in showing the 
presence or absence of chemical order in these. Thus 
Shull and Siegel 8 have shown that long range order in 
FeCo and Ni 3 Mn can be studied effectively by this 
technique, and very recently, Kasper 17 has reported 
on ordering in the Fe-Cr-Mo system. 

The structure of UBcia represents an interesting case 
in that the alloy contains elements at extreme ends of 
the periodic system. By combining neutron scattering 
data with X-ray results, Koehler, Singer and Coffin- 
berry 18 were able to describe the structure completely. 

Extinction effects in the scattering of neutrons by 
cold-worked brass were studied by Weiss, Clark, 
Corliss and Hastings. 19 

Amorphous Solids and Liquids 

Because of the absence of a form factor in the 
nuclear scattering of neutrons, it is possible to deter- 
mine extra coherent scattering effects in amorphous 
solids and liquids over that usually obtained by X-ray 
methods. Figure 17 illustrates this for the case of 
amorphous silica as obtained by Milligan, Levy and 
Peterson in unpublished work. Several liquids have 
been studied in this fashion, including lead and bis- 
muth and Sharrah and Smith 20 and mercury by 
Vineyard. 21 

Very interesting small angle scattering observations 
were made by Weiss 22 on materials existing in a fine 
state of subdivision. Using highly collimated neutron 
beams he was able to demonstrate a number of salient 
features implicit in the small angle scattering theory. 

IV. MAGNETIC SCATTERING APPLICATIONS 

Application of neutron scattering to magnetic prob- 
lems which depends on the interaction of the mag- 
netic moment of the neutron with the moment of 
atoms in magnetic systems has no counterpart in 
X-ray and electron scattering and hence the neutron 
method has unique aspects for the study of magnetic 
phenomena at the atomic level. The results and con- 
clusions from some of the problems which have been 
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Figure 17. Scattering pattern for amorphous silica (MilHgan, Levy, and Peterson) 
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investigated by this method are briefly surveyed in 
this section. 

Ferrites and Chromites 

Ferrites, of which magnetite (FeaOO is a special 
case are a class of compounds which have become of 
increasing practical importance for their unique mag- 
netic properties. The fcrrites and chromiles are mem- 
bers of an even larger group of compounds having the 
general formula A" +2 F 2 f 3 O 4 which crystallize with the 
spinel structure. This structure is cubic but it is 
somewhat complicated having eight molecules per 
unit cell. There are two forms of this structure, regular 
and inverted spinels, both represented in Fig. 18. 

The first ferrite to be studied by neutron methods 
was magnetite 6 for which the formula is most descrip- 
tively written as Fe +3 (Fe+ 2 Fc+ 3 )O 4 . This was found 
to have the inverted fcrrimagnctic structure proposed 
by Neel, the ferromagnetic moment being due to the 
Fe +2 ions only. 

Neutron diffraction studies of many more such com- 
pounds have now been made -in which in addition to 
describing the magnetic structures which exist in these 
compounds, these studies have furnished complete 
information on the degree of inversion (whether they 
are of regular or inverted type) and on the crystal - 
lographic parameters which define the atomic posi- 
tions. Corliss and Hastings and colleagues 28 have 
studied Ni, Mg, Zn and Mn ferrites and Zn and Mn 
chromites, the formulae being of the form NiFe 2 O 4 
and ZnCr 2 O 4 , and Wilson and Kasper 24 have investi- 
gated the structure of Ni .6Zno.6Fe 2 O3 in which they 



find the Ni moments to be randomly oriented. A neu- 
tron diffraction pattern obtained by Corliss and 
Hastings with a high resolution instrument for the 
case of MgFe-jOs is shown in Fig. 19. The magnetic 
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Figure 19. High resolution diffraction pattern for MgFeoO 4 (Corliss and Hastings) 



contributions to the coherent peaks are measured with 
the aid of a magnetic field. 

In the case of ZnFe 2 O 4 which is paramagnetic at 
room temperature, Corliss and Hastings find an 
antiferromagnetic transition at 9K. The unusual 
pattern obtained for this compound is shown in Fig. 
20 in which the nuclear scattering contributions are 
designated by A r and the remainder of the pattern is 
of magnetic origin. The structure deduced for this 
compound is of a complicated type. It can be quali- 
tatively described as consisting of antiferromagnetic 
alternations of ferromagnetic bands, each of which is 
several atoms wide. 

Aside from accounting for the observed magnetiza- 
tion in the ferrites and chromites, the neutron scatter- 
ing conclusions have offered very valuable information 
as to the various interactions which exist between the 
ionic states and positions in the lattice. 

Some Elements of Transition Groups 

Shull and Wilkinson 25 have applied neutron scatter- 
ing methods to the study of several transition group 
elements. Their magnetic scattering data show that 
the ferromagnetic elements iron and cobalt possess 



simple ferromagnetic structures with no evidence for 
more complicated magnetic superstructure or for mag- 
netic disorder. Moreover the strength of the ferro- 
magnetic scattering seems to be accounted for by the 
magnetization moment and the magnetic form factor 
obtained by theoretical calculation for the 3c/ shell. 

Manganese and chromium, however, were found to 
be antiferromagnetic with Neel temperatures of 100K 
and 475K, respectively, but with very small associ- 
ated atomic moments. The observed moment for 
chromium, for example, is only 0.4/u/j whereas for the 
free ion it would be 5/i/?. Vanadium was found to have 
no observable moment. The data for V, Cr and Mn 
and saturation moments of Fe, Co and Ni are plotted 
as the points in Fig. 21 and the line shows the predic- 
tions of the theories of Slater and of Pauling with 
which the measurements are in good accord. As 
examples of other transition element groups, in the 
case of molybdenum with five (4</) electrons and of 
tungsten with four (5d) electrons, no neutron mag- 
netic scattering effects were observed. 

In the rare earths the two elements neodymium and 
erbium have been studied by Koehler and Wollan. 26 
Both these "elements show susceptibility anomalies 
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Figure 20. Low temperature pattern for ZnFe.-O4 representing a complicated antiferromagnetic phase (Corliss and Hastings) 



which suggest ordered magnetic behavior. In the case 
of neodymium there is if any only the slightest indica- 
tion of ordering at very low temperatures. Erbium on 
the other hand becomes strongly ferromagnetic below 
about 30K, and it shows ferrimagnetic or antiferro- 
magnetic behavior between 80K and about 30K. 
The nature of this phase has not yet been determined. 

Alloys of the Iron Group 

Alloys of various compositions in the Fe-Cr, Ni-Fe, 
Ni-Mn and Co-Cr systems have also been studied by 
Shull and Wilkinson 27 and the Cu-Mn system has 
been investigated by Meneghetti and Sidhu. 28 In the 
disordered alloys of the first groups (all ferromagnetic), 
a rather pronounced magnetic disorder scattering was 
found which indicated that the different chemical 
components possessed different magnetic moments. 
For the ordered alloys, magnetic superstructure scat- 
tering was observed. By combining these neutron 
scattering results with magnetization data, informa- 
tion on the individual atomic moments in the alloy 
was obtained, and these moments were found to differ 
from those of the pure elements as a function of the 
alloy composition. 



In the Cu-Mn system ferromagnetic properties are 
observed to appear at a manganese concentration of 
about 13%. Above about 70% manganese the neutron 
patterns show antiferromagnetic scattering properties 
with a transition temperature of about 380K. It is 
suggested that the observed antiferromagnetism is to 
be associated with a negative exchange coupling be- 
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tween the manganese ions as the manganese content 
becomes dominant. 

The Iron Group Monoxides and Similar Compounds 

The compounds of this group which were among the 
first to be studied by neutron diffraction methods by 
Shull, Strauser and Wollan 4 include MnO, FeO, CoO, 
NiO, MnS and MnSe. These compounds were all 
found to be antiferromagnetic and to possess mag- 
netic unit cells which were larger than the chemical 
unit, cells. The antiferromagnetic coupling was estab- 
lished as being between second nearest neighbors or 
through an intermediate oxygen ion, and this repre- 
sented the first demonstration of the important 
"super-exchange" interaction. 

Associated with the antiferromagnetic ordering 
transitions which take place at different temperatures 
for the various compounds there is observed in general 
an anomalous behavior in other properties of the 
crystals. Maxima are observed in the susceptibility 
and the specific heat and the thermal expansion, the 
lattice dimensions and the crystal symmetry are some- 
times observed to change near the transition tempera- 
tures. A set of curves obtained by Foex 29 of the 
variation in thermal expansion coefficients with 
temperature for the iron group oxides is reproduced 
here in Fig. 22. The temperatures at which these com- 
pounds show the expansion anomalies agree closely 
with specific heat and susceptibility anomalies and 
with the Neel temperature of antiferromagnetic 
ordering as observed in the neutron diffraction 
experiments. 

Rare-Earth Oxides 

The neutron magnetic scattering properties of some 
rare-earth oxides have been studied by Koehler and 
Wollan. 80 No magnetic ordering was observed in these 
compounds, and this is understandable since the mag- 
netic moments are associated with the 4/ shell of 
electrons which is deeply buried in the atom and 
hence the aligning interactions between neighbors 
should be very weak. 

The magnetic scattering amplitudes for erbium and 
neodymium in these oxides are shown in Fig. 23. In 
these elements there is a strong orbital contribution 
to the moments. In the case of erbium the magnetic 
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Figure 22. Thermal expansion of various oxides in the temperature 
regions of the antiferromagnetic transitions (Foe) 



Figure 23. Paramagnetic scattering amplitudes for neodymium and 
erbium showing spin and orbital contributions 

moment is the sum of orbital and spin contributions 
whereas for neodymium the moment is given by the 
difference. Since both these elements have approxi- 
mately the same orbital and spin moments, the indi- 
vidual contributions can be obtained approximately 
from the sum and difference of the erbium and neo- 
dymium amplitudes as shown in the figure. The the- 
ory for the scattering of neutrons by these compounds 
has been given by Trammell and by Kleiner. 

Perovskite Type Compounds 

There is a large class of compounds of the so-called 
perovskite type, some of which exhibit some remark- 
able electrical and magnetic properties. BaTiOs, for 
example, is one of these compounds which is well 
known for its electrical properties. These compounds 
are ideally of cubic symmetry with one molecule of 
the form ABO 9 per unit cell, where A is a large ion 
such as La a+ , Nd 8+ , Ca 2 +, etc. located at the cube 
center; B is a small ion like Mn 3 +, Co 8 +, Ti 4 +, Mn 4 +, 
etc. situated at cube corners and the three oxygens 
are at the midpoints of the cube edges. 

Certain mixed perovskite type compounds contain- 
ing elements of the iron group were shown by Jonker 
and Van Santen to be ferromagnetic with Curie points 
ranging from about room temperature downward. A 
series of mixed compounds of the form (1 #)La, 
.rCa MnOT^ has been studied by neutron diffraction 
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methods by Wollan and Koehler 31 and a complicated 
series of antiferromagnetic structures and ferro- and 
antiferromagnetic transitions with sample composi- 
tion has been observed. The magnetic structures and 
transition depend to a great extent on the types of 
indirect exchange coupling between the Mn 3 + ions, 
the Mn 4+ ions and between the Mn 3+ and Mn 4+ ions. 
Some antiferromagnetic structures observed in this 
system of compounds are shown in Fig. 24. A theory 
for the magnetic and ionic coupling in these com- 
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Figure 24. Some magnetic structures observed in" the (La, Ca)MnOs 
series of compounds 



pounds based on a semicovalent concept of exchange 
has been developed by Goodenough. 

Other compounds in this group some of which show 
magnetic ordering effects and others which show no 
ordering have been investigated by Roth 32 and by 
Koehler and Wollan. 

High Temperature Studies on Iron and Magnetite 

The magnetic: susceptibility data above the Curie 
temperature for ferromagnetic metals of the transi- 
tion group is invariably anomalous with respect to 
the ferromagnetic data. As an investigation of this, 
Wilkinson and Shull 32 have studied the neutron scat- 
tering from iron in the paramagnetic region above the 
Curie temperature of 770C. The presence of para- 
magnetic scattering was established although it still 
exhibited considerable short range characteristics even 
at the highest temperature studied, namely 1000C. 
Additionally this study showed the development of 
an intense small angle scattering in the diffraction 
pattern which grew to a maximum at the Curie tem- 
perature and then decreased and merged into the short 
range order paramagnetic scattering above T c . This 
was attributed to the disruption of the coherently 
scattering regions in the magnetic structure as the 
Curie temperature was approached. 

Tn a somewhat related study, McReynolds and 
Riste 84 have studied both the magnetic coherent re- 
flections in Fe/)4 and the inelastic scattering around 
these reflections in the vicinity of the Curie tempera- 
ture. Again this inelastic scattering was found to maxi- 
mize itself at T c . 

Other Compounds and Alloys 

Neutron diffraction studies have been made on a 
number of other magnetic systems. 

The two types of magnetic structures obtained for 
hematite, Fe 2 Os were shown in Fig. 12. The isomor- 
phous compound Cr 2 O 3 was shown by Brockhouse 36 
and by Kasper 36 to have a single magnetic structure 
similar to the 300 type in Fe 2 O 3 but with the spin 
sequence (ft ttJ- 
Pyrrhotite FeSi+a- in the NiAs crystalline form was 
shown by Sidhu 87 to be antiferromagnetic with a struc- 
ture consisting of oppositely aligned ferromagnetic 
sheets perpendicular to the long axis of the unit cell. 
In this compound the magnetic moments were found 
to be parallel to the ferromagnetic sheets. Snow 88 in- 
vestigated CrSb which has the same crystal struc- 
ture, and he found a similar magnetic cell but in this 
case the spin moments were observed to be a perpen- 
dicular to the ferromagnetic planes. 

Wilkinson, Gingrich and Shull 39 have shown that 
Mn 2 Sb is ferrimagnetic, there being two sets of man- 
ganese atoms of different spin moments aligned anti- 
parallel. They observed also a transition in which the 
spin moments changed orientation from parallel to 
perpendicular to the C-axis of the crystal as the tem- 
perature was lowered below about 250K. 

The magnetic scattering by UH 3 and UD 3 has been 
investigated by Wilkinson, Shull and Rundle. 40 These 
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compounds are found to be ferromagnetic with a Curie 
point of 175K. From the magnitude and an angular 
dependence of the magnetic scattering it was also pos- 
sible to show that an appreciable part of the magnetic 
moment in uranium is associated with the 5/ electron 
shell although there may be some contribution from 
the 6</ shell. 
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Scattering of Slow Neutrons by Ortho- and Para-Deuterium 

By S. J. Nikitin, W. T. Smolyankin, W. Z. Kolganow, A. W. Lebedew and G. S. Lomkazy, USSR 



The scattering cross-sections of neutrons on ortho- 
and para-deuterium with the effective energy 0.0047 
ev, filtered by beryllium, were measured. 

The measurements were carried out with gaseous 
samples, cooled by liquid hydrogen. The values of the 
scattering cross-sections obtained, ff ortho = 15.95 barns 



and 



= 14.63 barns, are in close agreement with 



the theory of Hamermesh and Schwinger. 1 

The amplitudes obtained from the measured cross- 
section values, 



x = 0.843 0.024 0.057 0.014 

or 
^ = 0.253 0.005 0.647 0.014 



X K)-' 2 cm 



are in accordance with the results obtained by Hurst 
and Alcock. 2 



I. INTRODUCTION 

The study of the scattering of slow neutrons by 
ortho- and para-deuterium is of considerable interest, 
as such experiments may give important information 
of the spin-dependence of the nuclear forces. 

When the wavelength of the neutrons, scattered by 
molecular deuterium, exceeds the distance between 
the deuterons, interference of the waves, scattered on 
each of the nuclei occur. If the nuclear forces depend 
on the spin-orientation of the neutron and of the 
nucleus, the observed interference will be different 
when the neutrons are scattered by ortho-deuterium 
(even rotational quantum number 7, even spin) or by 
para-deuterium (odd /, odd spin). The observed 
scattering-cross sections will be different. 

The analysis of the experimental data on the scat- 
tering of neutrons on ortho- and para-deuterium will 
be complicated, as there are possible elastic and 
inelastic processes. But when choosing the experi- 
mental conditions so that the energy of the neutrons is 
insufficient for the excitation of the first rotational 
level of the deuterium molecule (E\ = 0.007416 ev) 
and the deuterium molecules are in their lowest 
energy states (7 = 0, v = for ortho-deuterium, 
/ = 1, v = for para-deuterium, where 7 and v are 
rotational and vibrational quantum numbers respec- 
tively), a simple interpretation of the results is 
possible. In this case only the following transitions are 
possible: 

Original language: Russian. 



/ = - 7 = 
/ = !-./=() 
/ = l-7 = 1 

The / = ()> 7 = transition determines the scat- 
tering cross-section on ortho-deuterium (ov) the 
other two transitions the para-deuterium cross-sec- 
tions (<r p ). 

The theoretical treatment of the scattering of neu- 
trons by ortho- and para-deuterium was given by 
Hamermesh and Schwinger. 1 These authors evaluated 
the scattering cross-section, using Born-approxima- 
tion and the 5-f unction interaction-potential. The 
results do not account for the vibration of the nuclei 
in their lowest energy states and can be used at low 
temperatures of deuterium and low neutron energies. 

According to reference I the scattering cross-sections 
ff and ff p contain the quartet and doublet-amplitudes 
in the two following combinations (2a^ + <i^) 2 and 
(fl^ fli/J 2 . So from the experimental cross-section 
values it is possible to evaluate only two sets of 
amplitude values. 

The scattering amplitudes of deuterium were meas- 
ured by several authors. 2 ' 3 - 4 

Hurst and Alcock 2 measured the differential neu- 
tron scattering cross-section of deuterium at several 
scattering angles. The target used, contained gaseous 
deuterium of 3 of ortho- and ^'3 of para-modification 
content, cooled by liquid nitrogen. The energy of the 
scattered neutrons equaled to 0.0724 ev. They ob- 
tained the following values of the scattering-amplit udes 

a = 0.826 + 0.012 0.07 0.03 ) 

or } X 10 " l2 cm 

an = 0.26 0.02 0.638 0.006 ) 

In the present, work the total scattering cross-sec- 
tions of ortho- and para-deuterium were measured by 
transmission method. Sutton et a/. 5 measured the 
scattering cross-sections of ortho- and para-hydrogen. 
The unreliable determination of the ortho- and para- 
concentrations leads to some uncertainties in the 
interpretations of their experimental results. Be- 
cause of this we deemed it necessary to repeat these 
experiments. 

II. METHOD AND APPARATUS 

We determined the scattering cross-sections of 
ortho- and para-deuterium by transmission method 
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using targets with various ortho- and para-deuterium 
composition. 

The transmission T is determined by 



where n is the number of molecules per cm 8 , / is the 
length of the scattering layer, and a t is the total scat- 
tering cross-section of deuterium. 

If /<> and / are the relative concentrations of the 
ortho- and para-modifications of deuterium, then 
neglecting capture we have 



Measuring at for two various concentrations of 
ortho- and para-modifications we can get the values 
of (T and a p . 

The scheme of the experimental arrangement is 
given by Fig. 1. 

The thermal column of the heavy-water research 
reactor, from which all graphite blocks were removed, 
served as the source of slow neutrons. 

The neutrons emerging from the reactor passed 
through the reflector (100 cm of graphite) and 
through the vacuum-collimator, with a diameter 5 cm 
and 250 cm long. The collimated beam was filtered 
through 26 cm of metallic beryllium powder. In order 
to reduce the losses of neutrons the beryllium filter 
was cooled by liquid nitrogen. 

It was shown by special absorption measurements 
of the filtered neutrons in Be that the effective energy 
of the filtered neutrons equaled 0.0047 ev. The neu- 
tron beam was additionally collimated and passed 
into the scattering chamber. The scattering chamber 
consisted of two concentric tubes. The inner tube was 
200 cm long and 5 cm in diameter, and contained 
gaseous deuterium. The annular space between the 
inner and the outer tubes was filled with liquid 
hydrogen. 

In order to reduce the evaporation rate of hydrogen, 
the scattering chamber was surrounded by a protec- 
tion mantle, filled by liquid nitrogen. The details of 
the scattering chamber are shown at the Fig. 2. 

The neutrons that suffered collisions within the 
scattering chamber, passed through the third colli- 



mator to the neutron counter, filled with BF 3 en- 
riched in B 10 . 

The primary intensity of the beam was controlled 
by two monitor counters. 

One of the main parts of the experimental arrange- 
ment was the ortho-para-convertor with the gas 
analyzer. The schematic arrangement of this part of 
the apparatus is shown at Fig. 3. 

Gaseous deuterium was obtained by electroly- 
tic decomposition of heavy water. The gas used 
contained, according to mass-spectroscopic analysis, 
99.2 0.05% of deuterium (D). 

The gaseous deuterium was chemically bound with 
uranium powder. The filling of the scattering chamber 
was achieved by heating the container with uranium- 
deuteride. By heating, the uranium-deuteride decom- 
posed accompanied by the reducing of the gaseous 
deuterium, which filled the scattering chamber. In 
order to remove the gas from the scattering chamber, 
the uranium container held at room temperature was 
connected with the scattering chamber, and deuterium 
was absorbed by uranium. The filling and evacuating 
of the scattering chamber lasted not more than 15 min. 

In equilibrium the relative ortho-para-content is 
determined by the temperature of the gas only. But 
a simple cooling or heating of deuterium to a certain 
temperature without a catalyst does not bring rapidly 
the gas to the equilibrium state, corresponding to the 
given temperature. 

In the present work the catalyst used consisted 
of a mixture of metallic nickel and chromium-oxide. 
It was shown that the catalyst was rather effective 
in the temperature interval 2()-450K and leads to 
the establishing of the equilibrium state in 0.5-1 
sec. The scattering chamber was filled with deu- 
terium of two different compositions: 66.7% ortho- 
and 33.3% para-deuterium, and 97.79% ortho- and 
2.21% para-deuterium. 

The first composition was obtained by passing the 
gas through the catalyst, held at room temperature, 
the second by passing it through the catalyst cooled 
with liquid hydrogen. 

The gas analysis was accomplished by measuring the 
heat conductivity of deuterium, as the ortho- and 




L 



850 cm 



Graphite 



Paraffin 



GS3 Lead 



Boron carbide 



Figure 1. Diagram of installation: (1) collimator; (2) monitor shield; (3) monitor counters; (4) beryllium filter; (5) scattering chamber; (6) movable 
table; (7) cathode followers I; (8) cathode followers II; (9) cathode followers of the main counter; and (10) main counter 
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para-modifications show different heat conductivity. 

The gas-analyzer consisted of four platinum re- 
sistance-thermometers, connected in a Wheatstone 
bridge. Two of them were filled with the etalon-gas, 
two others were filled with the gas under analysis. As 
the maximal difference in the heat conductivity is 
observed at 70 8()K, the gas analyzed was held at 
this temperature. 

The content of ortho- and para-modifications was 
measured with an accuracy up to 0.1%. 

The deuterium, containing % of ortho- and J^ of 
para-modification is unstable at the liquid-hydrogen 
temperature. This concentration was held constant 
during the experiment by continuous pumping of the 
gas through the catalyst, held at the temperature cor- 
responding to the ratio of the concentrations of ortho- 
and para-modifications equal to 2:1. 

The gas was analyzed several times during the series 
of the measurements, and it was shown that no 
changes of the concentration ratio of ortho- and para- 
modifications were observed. 

III. EXPERIMENTS AND RESULTS 

After the cooling of the system by liquid hydrogen 
the intensity of the direct beam was measured during 
60-90 min. The scattering chamber then was filled 
with deuterium up to the pressure 200-250 mm Hg. 
During the following 90-120 min, the intensity of the 
transmitted beam was measured. Then the deuterium 
was removed from the scattering chamber; again the 
intensity of the direct beam was measured. The back- 
ground due to spuriously scattered neutrons was meas- 
ured with the filled and with the empty scattering 
chamber; the spurious counting-rate did not exceed 
0.3% of the counting-rate of the direct beam. 

The counting-rates were normalized by the monitor 
counting-rates, and from the normalized data the 
transmission T was obtained. 



The measurements of the ortho- and para-scatter- 
ing cross-sections were performed in 19 independent 
series. In nine series, the scattering cross-section <r\ of 
the gas, containing % of ortho- and % of para-deute- 
rium was obtained. In ten other series the scattering 
cross-section 0-2 corresponding to 97.79% of ortho- 
and 2.21% para-deuterium was obtained. The mean 
values of the measured cross-sections <r\ and <r 2 ob- 
tained, were 

<TI = 16.00 0.03 barns 
ff-2 = 16.41 0.02 barns 

The errors given are determined by the statistical 
errors and by the errors in pressure measurements. 
The corrections accounting for the scattering on small 
angles and for the scattered neutrons getting into the 
counting system, as well as corrections accounting for 
double scattering, turned out to be negligibly small 
and were not introduced. With our beryllium-filter 
the number of unfiltercd neutrons with E > 0.0093 ev 
did not exceed 0.5% of the number of neutrons with 
R < 0.0093 ev. The small number of the infiltered 
neutrons made it unnecessary to introduce any cor- 
rections accounting for the non-elastic scattering of 
neutrons. When evaluating the <T O and a p cross-sections 
from the measured <r\ and 0*2 cross-sections, we intro- 
duced a correction accounting for the presence of 1.6% 
of HD molecules. 

The following values of a and er p were obtained: 

a = 15.95 0.03 barns 
<r p = 14.63 0.1 barns 

The values of <T O and c p allow to determine the 
quartet (a^ 2 ) and doublet (a^) scattering amplitudes. 

The evaluation of the scattering amplitudes was 
performed for neutrons with effective energy equal to 
0.0047 ev and deuterium temperature equal to 20.35K 




Figure 2. Scattering chamber: (1) aluminium window, 0.2 mm thick; (2) cadmium; (3) aluminium window, 0.2 mm thick; (4) cadmium; (5) diffusion 
pump; (6) aluminium window, 0.2 mm thick; (7) and (8) filling system; (9) liquid hydrogen; and (10) liquid nitrogen 
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Figure 3. Scheme for filling scattering chamber: (1) scattering chamber; (2) stopcock; (3) to pump; (4) catalyst; (5) manometer; (6) liquid hydro- 
gen; (7) manometer; (8) mixer; (9) liquid nitrogen; (10) valve; (II) copper washer; (12) catalyst; (13) cooling water; (14) cold trap; (15) 

electrical heater of container; and (16) gas-analyzer 



according to the results of the paper of Hamermesh 
and Sch winger. 1 We obtained the following amplitude 
values: 



= 0.253 0.005 0.647 0.014 

or 
= 0.843 0.024 0.057 0.014 



X 10 -"cm 



The comparison of the obtained amplitude values 
with the results of Hurst and Alcock 4 shows a near 
agreement within the limits of experimental errors. 

The measured cross-sections of neutron scattering 
on ortho- and para-hydrogen were: 

a = 104.1 0.7 barns 
ff p = 3.91 0.1 barns 

When evaluating these data, corrections were in- 
troduced accounting for absorption of neutrons by 
hydrogen. 

The values of hydrogen cross-sections obtained lie 
higher than could be expected for the energy 0.0047 ev 
from the results of Sutton et a/. s 

Using the results of Hamermesh and Schwinger 6 one 
can calculate the singlet (<i ) and triplet (#0 scatter- 
ing amplitudes from the measured cross-sections <r d 
and <r p for hydrogen. 

These calculations lead to four sets of values of a\ 
and a<>. 



The existence of the bound triplet state of deute- 
rium (fli < 0) and the range of the nuclear forces lead 
to a single- valued choice of the amplitudes: 

! -* -0.542 0.005 X 10~ 12 cm 
ao = 2.49 0.005 X 10~ n cm 

The value of ai found allows to obtain a more cor- 
rect value of the range of the nuclear-forces equal to 



a = 2.0 0.1 X 
which exceeds the value obtained by Sutton et a/. 5 

IV. CONCLUSION 

The results obtained with hydrogen and with deu- 
terium show the spin dependence of the nuclear forces. 

The following scattering amplitudes for scattering 
of neutrons by hydrogen were obtained: 

ai = -0.542 X 1C)" 12 cm 
0o = 2.49 X U)- 12 cm 

The range of the nuclear forces found from these 
data 

a = 2.0 X 10~ 13 cm 

is in reasonable accordance with the value 2.8 X 10 ~ 13 
cm obtained from the experiments on proton-proton 
scattering. 
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The Theory of Semitransparent Nucleus with a Diffuse Boundary 



By P. E. Nemirovski, USSR 



INTRODUCTION 

It has usually been believed that the cross-section 
of all inelastic neutron-nucleus interactions is equal 
to wR 2 , if the neutron wave length X is smaller than 
the nuclear radius R. But experiments with high- 
energy neutrons 1 (100 Mev) have shown that not 
every neutron colliding with the nucleus causes an 
inelastic process. To explain this effect, it has been 
supposed that high energy neutrons have a finite mean 
free path in the nuclear matter. 2 

For low-energy neutrons, however, the assumption 
that the nucleus is completely absorbing has been 
conserved. 

The schematic theory 3 of nuclear cross-sections, 
which uses the idea of a completely absorbing nucleus 
with a sharp boundary, leads to a monotonous de- 
crease of the cross-sections with increasing energy. 
This cross-section dependence has been found to be in 
contradiction with the experimental data. Experi- 
ments have shown that total neutron cross-sections 
have maxima and minima at some values of neutron 
energy. 4 To explain the experimentally observed reg- 
ularities, the model of a semi-transparent nucleus has 
been proposed. 6 

In this model the neutrons with energies in the 
1-3 Mev region have a large mean free path in the 
nuclear matter. 

At low energies the collisions of the incident neu- 
trons with inner nucleons are rare, because of the ex- 
clusion principle. The latter restricts the possibilities 
of the momentum transfer between colliding particles, 
which results in the large mean free path. Thus there 
are two models. Both models use the assumption that 
the absorption of the nucleus is finite, but differ in 
some essential features. 

For low energies the sharp boundary model has been 
proposed and for high energies the optical one. 

In the sharp boundary model of the nucleus there 
is a fictitious reflection, but it does not exist in the 
optical model. 

Indeed, the sharp boundary model can be applied 
only when the condition A y> R is fulfilled. But in this 
region there is no inelastic scattering. In this paper a 
diffuse boundary model of the nucleus with a finite 
absorption is considered. At high energies this model 
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* // i-f.w <l)(t) ftr) is the Hankel function of the first and second 
kind with a half -integer index. 



coincides with the optical model, but for low energies 
its results are essentially different from those obtained 
by means of the square-well model. 

1. THE STATEMENT OF THE PROBLEM 

Let us suppose that the neutron interaction with 
the nucleus may be described by a complex potential 
U -f iW, depending only on r (spin orbital coupling 
is neglected). 

For simplicity, we shall assume that the depend- 
ence of the real and imaginary part on r is the same. 
For r < r the function U + iW is constant and 
it varies chiefly, in the region with the thickness 
1.5-2 X 10- l;{ cm. 

The Schrodinger equation for the neutron is: 



W + ~~ [K + U( r )(l + 

where fU(r) = W(r) 

One can expand the function $i(r 
tions as follows: 







(1) 



in spherical func- 



(2) 



l.m 



Then denoting k = (2f/0 w /ftand/feo = \2rnU (0)\^/h 
one can obtain the following equation for the radial 
function ^i(r) : 






-frlM-O (3) 



For r < r /(r) = /(r ) = 1 at r - oo /(r) -> 0, (f(r) 
is assumed to tend to zero, faster than by power law]. 
To solve Equation 3 it is convenient to make the 
substitution:* 



Then for the functions 
tion is obtained: 



dr* 



dr 



(kr)\ (4) 
the following equa- 



(5) 



dr 
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When r oo , Equation 4 should become a com- 
mon expression for the sum of the convergent and 
divergent waves, consequently 

limner) = lim|W(r) = 1 

r * o r to 

Equation 5 is more conveniently expressed in non- 
dimensional coordinates A' = kr 



dr* 






d In 



dr dr 

+ Ao 2 /(r)(l + r 



(6) 



It is necessary to note that the function Vi is finite 
at A" = (if U(r) has no singularity). Indeed, near 
X = the variation of the centrifugal energy /(/ + I)/ 
r 1 is much faster than the variation of U(r). 

Expanding U(r) = U(O) + /'(OV and neglecting 
the second term in the series for LS(r), we obtain the 
equation for a free particle with the energy E -\- U(O). 

Its general solution has the form: 



If (2) 

m * 



f - 

\T" * T 



/7\ 



where AY = (k 2 + W) y2 . 

Therefore near X = the solution Vz (1) /// + ^ (l) (rt') 
must turn into Equation 7 and so for small a- we ob- 
tain the equation 



The functions 



and 



(>) 



have at x = the poles of the same order, and hence 
the function Vi is finite at x = 0. 

For high energies Equation 6 may be solved without 
any difficulty. 

2. HIGH ENERGIES 

If the energy is high, it is convenient to write the 
function vj in the form: 



- f * Ui">dx 
V| (D = e J * 



Then the following equation for the function Y !) is 
obtained: 






(9) 



Similarly to the one-dimensional semiclassical prob- 
lem one can neglect dU/dx. 
Then we obtain: 



-^/(.v')(i + *r) Uv' do) 
* I J ) 

The function \l/ is finite at .v = when the condition: 

flf (2) (0) / 11 \ 

771 = ^7i)fb) 
is fulfilled. 

The integrand in Equation 9 is finite on the real 
axis, and the integral may be easily evaluated. 
The following notations are introduced 



fin 



9 , 
2a) 



If the real part of the potential is much larger than 
the imaginary one (such a situation arises for a fairly 
transparent nucleus) then the integrand may be ex- 
panded in powers of 

[(oi + ibiY - c z (l + if)]* = /[(*! - **i) a + c*] 



where c 2 = (* V* 2 )/W- 
Then ij may be written as follows: 



17 = exp 



where 



F-2* 



(x) - Re[(fi, - / 



+ ^ - ) 2 + 



Re[(6, - ,) + c*] = ~ [bf - a? + r* 



Now for the total and absorption cross-sections the 
following expressions result: 
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Thus the cross-section computation reduces in this 
case to quadratures for any shape of the potential. But 
the corresponding integrals may be calculated only 
numerically and therefore it is more convenient to ex- 
pand the integrand in powers of KJ/K* <<C 1, that can 
be made always. 

In the KQ A /K O approximation Equations 13 and 14 
may be written in the form: 



+ IVX 2 fl - exp (- 2 f a ) 
I. I k* } 

/ * f( v\ \ bl - *" ' ft v\ b * ~~ 3rt ' 2 M d v 

Jo /( ' U + at 2* 2/( ' \bt + at? J 

OC 

r Jtn 2 /* * /)f 

l)2A a 1 - cos ^ / /(.v) - ., ^- - 
L *" 7o *r +<*r 



When the absorption in the nuclear matter is large, 
the quantity f is of the order of unity, and then the 
integral in Equation 10 cannot be expanded in powers 
of U(0)f. 

If ? T (r) > 2aJ)i in the point where 

<*r - bi 1 - L-(r) = 

then for the ingoing wave solution, difficulty arises. 
Indeed the solution which satisfies the boundary con- 
dition at x > oo turns out to be zero at x = 0. Thus 
r in this case would be zero. This difficulty, which is 
due to the approximation made at solving the prob- 
lem, may be avoided if one assumes, that near 
the point #', where x' is the root of the equation 
at ~ bt = 17 = 0, the potential V = const. (This 
is true for all waves with J < (A',, 2 + k*) y 'R.) 

Then the exact solution of Equation 6 in this region 
is equal to 



where 



K = (k a -(l + if) + **]. 



Because x(#) must become Equation 10 at x > .r' 
where x is solution of at bt U = 0, the factor B 
must be equal to zero. 



Therefore v t (r) may be written as follows: 



Hence 



d in 



(17) 



.V! is assumed to be larger than .v 1 . Such a consideration 
is not valid if the point re 1 is in the boundary region. 
It must be noted that when Equation 17 for v(0) is 
substituted in Equation 11, the result coincides with 
one, which may be obtained, if the lower limit in 
Equation 10 is taken as x = .v 1 instead of .v = 0. 
Therefore in those cases when x 1 is in the boundary 
region and fU(x) > 2ajbi, a good estimate may be 
obtained from the formula 17 = 



When the term &o 4 /& 4 in Equations 15 and 16 may 
be neglected, the integrand for / < kR is equal to the 
mean free path of the neutron with the angular 
momentum I in the nucleus (calculated by means of 
the optical model). 

Let us suppose that the potential energy decreases 
at the nuclear boundary as /-"*. 

Then determining the nuclear radius as R = r fi 
+ (I/**) we see from Equation 15 that the geometric 
path of the neutron with the angular momentum 
J < kR is equal to R - [/(/ + 1)/2**R 8 ] and does not 
depend on I/a for constant R. 

The boundary is essential only for terms with 
/ > kR. When l/ X and the term with k^/k 4 is 
neglected, only the waves with / < kR penetrate into 
the nucleus. 

If I/a > X then the waves with / > kR penetrate 
into the nucleus also. 

In distinction from the geometrical optics, in our 
model the wave with / = kR is scattered. Its contribu- 
tion to the scattering cross-section tends to zero as 
X (when the absorption is supposed to be constant). 
If the width of the boundary region is larger than the 
wave length, the influence of the boundary on the 
cross-section depends upon the relation between the 
wave length and the nuclear radius. For heavy nuclei 
with R ~ 7-8 X 10~ 13 a 10% increase of the cross- 
section is obtained, comparing with the case I/a <C X 
provided the value of r + (l/) is the same. 

For light nuclei the cross-section increases strongly. 
However T if the quantity U(r) is assumed to be pro- 
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portional to the density of the nuclear matter, then 
the nuclear density in the center of the nucleus de- 
creases with increasing I/a and provided TQ + (I/a) 
= constant. 

If the density of the nuclear matter in the center 
remains constant, then the dependence of the absorp- 
tion cross-section upon the boundary shape is rather 
weak (cross-section variation is within several per 
cent). 

On the contrary the assumption that the potential 
has a shape different from the shape of the nuclear 
density, will give a strong dependence of the light 
nuclei absorption cross-section upon the boundary 
shape. 

When the second term in the exponent in Equation 
15 cannot be neglected, the waves with / > kR pene- 
trate into the nucleus even for I/a <$C X. In this case 
the absorption cross-sections can be 15 to 20% larger 
than wR* even for heavy nuclei provided the neutron 
mean free path in the nuclear matter is small. 

A more detailed study of the absorption cannot be 
made now because of the scarcity of experimental data 
on the absorption cross-sections at energies E > 7(0). 

An important conclusion can be made from Equa- 
tion 16. It is evident that the function under cosine in 
Equation 16 decreases with the increase of the energy. 
For some energy it becomes the value 2ir that cor- 
responds to a minimum in the total cross-section for 
this /. 

For still larger energy a maximum appears at 
cos tf>i = 1, i.e., <?i = IT. Thereafter the cross-section 
decreases monotonously. 

For the sum of the total cross-sections for all / the 
maxima and minima are also obtained (although they 
are less pronounced). For heavy nuclei these maxima 
must be observed at higher energies, than for light 
ones. The reason for this is that the phase <p t is larger 
for larger R. The dependence of this maximum dis- 
placement on the atomic weight is confirmed by the 
experiment. From the minimum position for lead 
(E = 55 Mev) it is possible to estimate the real part of 
the potential, assuming that R = 1.2 X lO- 11 /! 5 *. 

In the case of lead the boundary shape has little 
influence on the cross-section. 

This estimate gives 7(0) = 35-40 Mev. 

It must be pointed out, that the Fermi energy is 
equal to 31 Mev, for R = 1.2 X KT 13 ^. Therefore, 
with account of the binding energy, the potential 



dx 



Hence 

r, = - 



2U* + 2 



f/.V 

d In S* 



dx 



dx 



energy U(0) must be equal to 38 Mev. Similar values 
of i/(0) may be obtained for small energies also. At 
energies larger than 100 Mev the simple model with a 
complex potential is probably not correct.* 

3. THE VALIDITY RANGE OF THE HIGH ENERGY 
APPROXIMATION 

The second approximation for the function is 
looked for similarly to the one dimensional problem. 
Let us expand U in the form U + r i + ; V 

Then the equation for U\ may be written as at the 
bottom of this page in Equations 18 and 19. 

As is well known, the substitution in Equation 19 
into the formula for V Q gives for the .V-wave the factor 
I/ V#o 2 + k 2 , which is real and drops out in calculat- 
ing the scattering phase. For waves with / > but 
/ <K kr Q , i.e., for waves entering into the region of 
constant potential, the substitution of Equation 19 
into Equation 8 gives also a real factor: 



The contribution of the second approximation in r 
is essential only for waves with / ~ kr Q . For I/a <C X: 



As the quantity a t is small for all / < kR, the second 
approximation gives no contribution in r; for / > kR, 
the quantity a t is larger and the factor at Vi(0) is 
complex. 

In this case the phase is changed proportionally to 
W/k\ 

The correction to r t does not exceed, however, e~- 4 * 
even for / == kR. The correction to the absorption 
cross-section is not large (at f = 0.2 and kR = e, fj 2 
is increased by a factor e - 16 ). 

* It is staled in reference 6 that for the angular distribution of 
protons, scattered by Ft nuclei, an agreement with experiment 
may be obtained with the following set of parameters: 



U(r) = 38 Mev (1 + e 



f ao = 0.49 X 10-, 
fo - 8.24 X 10-" and 



= 0.24. 



It seems that the value or fo in reference 6 is too high. If we 
take TO 8.24 X 10"" for neutrons <r n h, = 3.2 and ff li>t = 6.5 
that is 20% to 25% larger than the experimental values. There- 
fore, it is more probable that r 7.5 X 10" 11 cm (the proton 
and neutron radius of the nucleus are supposed to be equal). 
It is possible, that in calculating the angular distribution of the 
protons the nonsphericity of PI nucleus must be taken into 
account. 



dx 



(18) 
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When I/a > X the correction to the function with 
/ = kR decreases and for other / increases. The correc- 
tion in the absorption cross-section will be of the same 
order as for J4 ~ ^- 

The next approximation contributes a term of the 
order of k^a/Sk* and is therefore essential for I/a X 
at U ~ E. 

Equations 15 and 16 can be applied, therefore, at 
U < E, but a stronger condition U << E is not re- 
quired, because the corrections are not too large if 
I/a ^ X, even at U E. 

4. LOW-ENERGY REGION 

If E < lf(0) then the semiclassical calculation 
method breaks down. In this case the solution of the 
Equation 3 is to be found numerically for a definite 
boundary shape. 

In the latter calculations, the assumption that 
(.v) = / o(x-xo) f or r > / is made. Then at r = r {} the 
boundary conditions 

-rv- = T?" (2) 

YI dr Va dr 
must be satisfied. 

At r < r l} the potential U - const and therefore 
the solution of Equation 3 may be written in the form 

___ l.j -r / \ / rt 4 \ 

where 

For the region where the potential is not constant, 
the solution is to be looked for in the form of Equation 
4. Then the solution of Equation 6 is found in the form 
of a series of powers of ku~/k'-. The condition vi = 1 at 
r > oo is used. In the first approximation we assume 
that in Kquation 6 v t = 1. 

An equation of the first order for the derivative 
is obtained 



rfln 



r/v 2 



dvp> 
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(23) 



Equation 23 is solved for </v/ (l) /f/v. Then integrating 
once more we obtain 



P| <i>(v) = 1 - (1 + if) 
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Equation 24 may be transformed into a more con- 
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Evaluating the inner integral we obtain finally: 

=HS<>+*>I(/"(M" 
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/(/) dy' - 



fi(-) 



(25) 



In Kquation 25 



If 
bad. 



= 1.5-2 X 10~ 13 , the first approximation is 



For the energy region 3-10 Mev three or four terms 
of the series must be computed. However the integrals 
depend only on one parameter &/a, which makes 
numerical calculations easier (the parameters & f and 
r may be varied arbitrarily). 

The expression for the it-approximation is obtained 
when the (n l)-approximation is substituted in 
Equation 6. 

It has the form: 



Pi(- 



(26) 



It may be noted that such cumbersome calculations 
are necessary only for small / waves (smaller than 5-6) 
for which the virtual levels may exist. 

The condition of the existence of a virtual level may 
be obtained from a semiclassical consideration. This 
condition is cos <pi 1 at E >0 in Equation 14. 

For a well with c(l/a) <K R, we obtain 



+ / arctan 



(27) 



in good agreement with the exact solution. It may be 
notecl thal for a diffuse boundary with C(\JOL) ~ R, 
lhe agreement between the exact condition and the 
semiclassical is worse. Nevertheless for estimates and 
particularly for heavy nuclei (i.e., I/a < R) the 
semiclassical condition may be used. 
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5. COMPARISON WITH EXPERIMENTS 

The inelastic cross-section data for the Mev region 
are not numerous. At energies smaller than 2-3 Mev 
the number of nuclear levels, which can be excited is 
small and therefore, especially for magic nuclei, the 
decay of the compound nucleus can go elastically. We 
have used the last unpublished data on the inelastic 
scattering of neutrons at energies 2.5 Mev and 
4.3 Mev. For comparison with these experiments a 
calculation of the dependence of the absorption cross- 
section on the nuclear radius has been made for both 
values of the energy. The exponential shape of the 
boundary e ' tir with If a = 1.45 X 10 " l8 cm has been 
assumed. The depth of the well has been taken equal 
to 20 Mev but the situation is little altered when 
w(0) = 40 Mev. 

At R = 2.5 Mev the imaginary pan of the potential 
w(0)f is taken equal to 0.053 (0). 

At K 4.3 Mev, two values of the imaginary part 
are taken: (()) = 0.055 and (()) = 0.11. 

On Fig. 1 the results of the absorption cross-sect ion 
a/irR 2 calculation are given. The radius R is taken 
equal to r + I/a (the solid curve). The results of a 
calculation with rectangular boundary and the same 
values of u and f are given also (broken curve). 

The experimental points obtained by means of a 
threshold detector are shown by open circles. The 
nuclear radius R is taken equal to 1.25.1- fl X 10 I3 . 

The absorption cross-section in the diffuse boundary 
model is seen to be about, two times larger than in the 
square well model. The maxima and minima appear 
to be rather weak (the cross-section ratio in maximum 
and minimum is equal to 1.3, while in the square well 
model this quantity exceeds 2). The experimental 
points fall at both sides of the diffuse boundary model 
curve. The magic nuclei arc not included into the set 
of comparison points, because they have few levels 
accessible for inelastic scattering and therefore their 
inelastic cross-section is small. 

Only the point for the Zn nucleus is far from the 
theoretical curve; the experimental value for this 
nucleus is too large. On Fig. 2 the calculated data for 
4.3 Mev neutrons are given. The solid curves give 
the values of the absorption cross-sections in the 
diffuse boundary model for two imaginary parts of the 




fO.05 



4 56 7 8 Ri(T 13 cm 

Figure 1. Inelastic scattering cross section dependence on the radius of 
the nuclei at energy 2.5 Mev: the solid curve has been calculated ac- 
cording to the model of diffuse boundary; the broken curve, according 
to the model of square boundary; the circles represent the experimental 
points 



potential 0.055 /(()) and 0.11 T(0); the broken curve 
corresponds to the absorption cross-section for a 
square well model with f = 0.055. For comparison the 
experimental points are given. The nuclear radius R is 
taken equal to 1.25/1** X 10" 11 . The experimental 
points are seen to be in better agreement with the 
upper curve than with the lower. Thus, the compari- 
son with experimental data shows that the mean free 
path of the neutron in the nuclear matter for low 
energies is fairly large, but it decreases rapidly when 
the energy increases.* 

The agreement between the values of nuclear radius 
obtained from other data (the scattering of fast elec- 
trons) and the neutron cross section in the diffuse 
boundary model of the nucleus can be obtained. 

On the contrary, for the square well model the ab- 
sorption cross-section is equal to 1-1. 2irK 2 even for the 
case of large absorption. The enormous values of the 
radius (R = 1.6 X 10 13 .1>*) are obtained from the 
comparison of this model with experimental data. 
These values of R differ very strongly from the other 
experimental values. The absorption cross-section 
maxima disappear in the diffuse boundary model at 
energies E = 5 Mev. 

At higher energies the absorption cross-section is a 
mono tonic: function of the radius. The experimental 
data on the inelastic cross-sections for 14 Mev neu- 
trons do not contradict to the assumption that 
R = 1.25,1* X 10 - 13 . For lightest nuclei (A ~ 10) 
the radius may be somewhat larger. 

The mean free path for this energy must be of the 
order of 3-4 X 10~ 13 cm; that is, the nucleus is com- 
pletely absorbing for waves with / < KR. On the con- 
trary the total cross-sections will have maxima and 
minima for all / for which the nucleus is not completely 
absorbing, because the phase of the scattered wave 
varies with R and E. 



* Recently new data concerning the inelastic cross-section for 
energies 1.4 and 4.5 Mev are published. 7 The cross-sections for 
4 Mev and 4.5 Mev neutrons are somewhat smaller than that 
mentioned above. Therefore the quantity S can be somewhat 
lower than 0.11. 

The 1 Mev data cannot be compared with the theory because 
for some nuclei the inelastic scattering for this energy is impossi- 
ble as they have no low energy levels. 

It is also possible that only one level is excited at this energy, 
and the transition to the ground state with an elastic scattering 
of the neutron has a large probability. 




6 



9 R10" 13 cm 



Figure 2. Inelastic scattering cross section dependence on the radius of 
the nuclei at energy 4.3 Mev: the solid curves have been calculated 
according to the model of diffuse boundary; the broken curve, accord- 
ing to the model of square boundary; the circles represent the experi- 
mental points 
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CONCLUSION 

For the calculation of neutron scattering cross-sec- 
tion a method of modulated spherical waves is pro- 
posed. At energies E > /(0) this method is a general- 
ization of the semiclassical one. The solution, contrary 
to the usual semiclassical one, satisfies the exact 
boundary conditions. 

The higher approximations can be obtained easily 
and in this way a transition to the limit at exact solu- 
tion of the problem of phase analysis can be realized. 
At E > /(0) a simple explanation of maxima in the 
total cross-section is given. The difference of the total 
cross-section from 2irR 2 is explained. The absence of 
sharp maxima in the absorption cross-section at func- 
tion of radius for small energies is also explained. 



In the diffuse boundary model an agreement be- 
tween neutron radius of the nuclei and the values of 
radius calculated from other experiments may be 
obtained. 
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Physics Research with Reactors 



By Andrew W. MeReynolds,* USA 



The research reactor can be regarded as a general 
research instrument for application to various 
branches of science. An important part of its function 
is in deriving technological information and experi- 
ence of value in development of further reactors. Thai 
is covered elsewhere, however, and is discussed here 
only incidentally. Rather its use as a general physics 
research instrument is outlined by a survey of certain 
recent and current experiments in the various fields to 
which it is applicable. Generally these fall into two 
classes, nuclear, including properties of the neutron 
and its interactions with nuclei, and atomic or solid- 
state, including interactions of the neutron with 
bound aggregates of atoms in crystals, liquids or 
molecules. The topics discussed are: (1) fundamental 
properties of the neutron, (2) neutron-nuclear inter* 
action cross-sections, (3) gamma rays from (n,y) re- 
actions, (4) nuclear spin alignment in crystals, (5) 
neutron diffraction crystal structure analysis, (6) neu- 
tron scattering, refraction, and depolarization, (7) 
energy exchange between thermal neutrons and 
crystal lattice vibrations, (8) slow neutron transmis- 
sion studies in solids, and (9) fast neutron radiation 
damage. Those topics which relate more directly to 
reactor technology, such as cross-section measure- 
ments, are adequately discussed elsewhere, as is neu- 
tron diffraction, and need be discussed only briefly 
here for completeness. Such subjects as the determina- 
vion of integral quantities and observations on reactor 
kinetics have not been included for similar reasons. 
Those experiments which are discussed have been 
chosen rather to be illustrative of the variety of recent 
uses of reactors, rather than an exhaustive survey of 
recent work. 

In all of the experiments above, the reactor serves 
primarily as a source of a strong llux of neutrons, and 
in all but the last a coll im a ted neutron beam is used. 
This illustrates that in a reactor for physics research, 
the important considerations are a high flux, and as 
many independent, beam holes as possible. 

1. FUNDAMENTAL PROPERTIES OF THE NEUTRON 

The most fundamental studies made possible by 
the concentrated neutron flux from reactors are those 

* Brookhaven National Laboratory, Upton, New York. Based 
on work by J. Antal, R. Carter, V. F. Cohen, N. Corngold, G. J. 
Dienes, N. Holt, D. J. Hughes, A. W. MeReynolds, H. T. Motz, 
II. Palevsky, R. J. Weiss, Brookhaven National Laboratory; 
S. Bernstein, L. D. Roberts, Oak Ridge National Laboratory; 
N. F. Ramsey, Harvard University; and F. Gould, W. VV. 
Havens, B. Rustad, Columbia University. 



relating to the properties of the neutron itself. The 
half-life for decay of the free neutron has been meas- 
ured both by Snell 1 and by Robson. 2 Another recent 
work is the determination of the neutron magnetic 
moment. Previous experiments 8 had established this 
quantity, or more precisely, the gyromagnetic ratio, 
to an accuracy of about 1 part in 10 4 by measurement 
of the resonant frequency for precession in a static 
magnetic field. Principal limiting factors were in 
strength of neutron flux, degree of neutron polariza- 
tion attainable by transmission through magnet i/ed 
iron, and short path-lengths in the static magnetic 
field. Improvements in these three factors in an ex- 
periment by Cohen, Corngold, and Ramsey have 
made possible improvement of the precision of meas- 
urement by one or two orders of magnitude. 

A high degree of polarization was attained by using 
the total reflection, rather than transmission tech- 
nique. Total rejection from a magnetic surface de- 
pends on a scattering amplitude, a, which is the sum 
or difference of nuclear and magnetic components, 
(i = 0n fl-w, depending on whether the neutron mag- 
netic moment is parallel or anti-parallel to the mag- 
netic field in the mirror. Since for saturated Co the 
magnetic* component is larger than the nuclear, 
<i- w > a, t , only one component of the beam is reflected, 
and complete polarization results. The finely col- 
limated beam was therefore reflected successively at 
small angles from two Co mirrors 1.25 X 14 inches, 
the first serving as a polarizer and the second as an 
analyzer. Final mirrors were made of a 94% Co-6% Fe 
alloy to facilitate magnetic saturation. Since this alloy 
is facc-centered-cubic, rather than hexagonal like pure 
Co, magnetic anisotropy is considerably decreased 
without significant increase of the nuclear amplitude. 
In practice polarization was around C X)%. The experi- 
mental arrangement is shown in Fig. 1. 




PLAN OF ARRANGEMENT 
(NOT TO SCALE) 

Figure 1 . Apparatus for measurement of the neutron magnetic moment 

with a beam polarized by Co mirrors and passed through a long static 

field 
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Between the two mirrors the neutron beam passed 
through a 60-inch long uniform field between magnet 
pole pieces. The average static magnetic field was 
determined by a number of measurements with a pro- 
ton resonance probe at points along the same path. 
Near the beginning and end of the path were radio- 
frequency field sources in the form of loops of copper 
tube, which were tuned to resonance near 25 mega- 
cycles. The phase of voltage in a particular loop could 
be shifted 180 degrees by means of a switch. It is the 
study of the resonant absorption of radio frequency 
energy by neutron moments in a known static field 
which yields the value of the neutron magnetic 
moment. The dynamics of moments in such an ar- 
rangement, with separated oscillating fields, has been 
discussed by Ramsey 4 . His analysis shows that the 
resonance width, which is the determining factor for 
precision, is only 0.6 as wide for such separated fields 
as for an oscillating field extended over the entire path. 
Further, resonance depends only on the average mag- 
netic field over the path, and is not broadened by 
fluctuations in the field. 1 1 is just this average which 
was measured by the proton resonance probe. Figure 
2 shows a typical resonance pattern, the bottom curve 
representing the difference between "in phase" and 
"out of phase" curves. The center of the neutron 
resonance peak could be determined to an accuracy of 
about 10 cycles (in 24 megacycles) within a period of a 
few minutes. Proton resonance, which had to be 
measured at a number of points, required somewhat 
longer, and introduced such experimental difficulties 
as slow drift of magnet field by temperature drift. 
Both resonances could be measured to higher ac- 
curacy than the absolute value of the proton moment, 
so that the quantity actually measured in this experi- 
ment is not the magnetic moment of the neutron but. 
its ratio to the magnetic moment of the proton. The 
values found for this ratio in two separate series 
of experiments were 0.6850492 0.0000018 and 
0.6850680 0.0000011, where the indicated errors are 
average deviations between individual runs. 

Some other fundamental properties of the neutron 
which have been verified include a possible quadrupole 
moment, which Smith and Ramsey 5 have, in experi- 
ments at Oak Riclge showed to be zero within very 
close limits. Observations by McReynolds 6 on the 
deflection of a slow neutron beam in the earth's gravi- 
tational field showed that a free neutron interacts in 
the same way with a gravitational field as bulk matter. 
Furthermore from the absence of deflection of the 
same beam by the application of an electrostatic field, 
an upper limit of 5 X 10~ 12 electronic units of charge 
could be deduced for the neutron. 

2. NEUTRON-NUCLEAR INTERACTION 
CROSS-SECTIONS 

A rather large quantity of data on neutron nuclear 
cross-sections, particularly on total cross-sections as 
measured by transmission, has been accumulated and 
compiled. There still remains, however, an at least 
equally large quantity to be obtained, particularly in 
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FREQUENCY INCREMENT IN KILOCYCLES 

Figure 2. Resonance curve of neutron intensity as a function of radio fre- 
quency in coils. Pattern is characteristic of the "separated RF loop" 
method 

the epi thermal and resonance regions. Recent develop- 
ments in technique such as high resolution crystal 
spectrometers for the region up to 10 ev and fast chop- 
pers for higher energies have made possible the satis- 
factory resolution of resonances over much of this 
range. This subject is discussed in a number of papers, 
however, comprising a large part of the reactor physics 
sessions Q, and covering both instrumental techniques 
and results. 

A particularly elemental and therefore interesting 
interaction is that between neutron and electron, 
which was measured by Rainwater, Havens and Rabi 7 
by neutron transmission through liquid Bi, as a func- 
tion of energy. The very small neutron-electron inter- 
action is separable from the larger neutron-nuclear 
interaction, because the space distribution of the elec- 
trons leads to a form factor dependence of scattering 
on angle or on wave-lengths. More recently Hughes, 
Harvey, Goldberg and Stafne 8 used a reactor beam 
and the technique of total reflection at very small 
angles from the interface between a bismuth mirror 
and liquid oxygen. Another experiment is currently 
in progress by Havens, Melkonian and Rustad using 
the monochromatic beam from a crystal spectrometer 
to measure transmission as a function of energy from 
0.1 to 10 ev through liquid bismuth at 300 and 500C. 

3. GAMMA RAYS FROM (n,y) REACTIONS 

A thin lens beta-ray spectrometer is being used by 
Motz 9 at the Brook haven Reactor to observe the 
prompt gamma-rays emitted by elements capturing 
slow neutrons. The gamma-ray energies and intensi- 
ties in the range of 400 kev to 3 Mev are measured by 
means of the photoelectric effect in thorium and 
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Figure 3. Experimental arrangement for prompt gamma-ray experiment 
with thin lens ft spectrometer. The gamma rays are collimated by lead 
apertures and pass into the spectrometer vacuum, through a converter 
and into the beam catcher. Two Nal crystals outside the direct beam but 
near the converter are used to detect the K X-rays of the converter 

uranium converters. (This energy range complements 
that of the 3 to 10 Mev region studied by Kinsey and 
.Bartholomew at the Chalk River Reactor.) The ex- 
perimental arrangement is shown in Fig. 3. Because 
the gamma-ray beam is so well collimated, it is pos- 
sible to locate two Nal crystal detectors near the 
converter without counting much of the direct or 
scattered beam. The A' X-rays of the converter are 
easily seen above this background. These X-rays are 
emitted isotropically and have a half-life of about 
10~ 15 sec and serve as excellent coincidence pulses for 
the K photoelectrons detected by the spectrometer 
crystal detector, liy means of the A" X-ray coincidence 
requirement the background of Compton and pair 
electrons is greatly reduced and the /- photopeaks 
completely eliminated. This results in a much higher 
relative yield for the A photopeaks and a much easier 
interpretation of complex spectra. 
80 



The spectra shown in Fig. 4 were obtained from a 
325 gram sample of polyethylene and an array of thin 
cadmium foils. The H 1 ^*,?)!! 2 spectrum shows the 
absence of the L photopeak, the suppression of the 
Comptons and the low background from the reactor. 
The yield observed from Ccl 113 (,y) Cd 114 consists 
almost entirely of A' peaks though most of the ob- 
served yield is actually in unresolved peaks. It is to be 
expected that the cascading of gamma rays from the 
capturing state (9.0 Mev for Cd) will allow the excita- 
tion of low-lying excited states in Cd 114 that might not 
be seen in other methods of excitation. Because of this, 
several gamma rays believed to be associated with 
low-lying levels are seen in the capture spectrum that 
are not present (or have not yet been detected) in the 
In 114 A"-capture branch to Cd 114 . An interesting feature 
of the capture spectrum is the intense line at 556 kev 
which indicates that 89% of the disintegrations result 
in the excitation of the first excited state of Cd 111 . 
Most of the observed lines 9 fit well with the high 
energy data of Kinsey and Bartholomew. 10 

The source intensity is limited by self-absorption 
and so the minimum absorption cross section required 
is a function of /,. The lower limit of source strength 
is f~k*/%. Results for Xa (a/Z 0.05) indicate 
that 1 barn cross sections are just sufficient up to 
Z = 25 and correspondingly larger ones are required 
for heavier nuclei. 

4. NUCLEAR SPIN ALIGNMENTS IN CRYSTALS 

The interaction between a neutron and nucleus is 
dependent on whether the nuclear spin / and neutron 
spin J-2 are parallel or antiparallel, that, is, whether 
the compound nucleus has/ = / + J-fcor/ = / %. 
In the absence of resonances the cross-section for the 
two interactions is nearly equal but as a resonance is 
approached, one becomes much larger while the other 
remains constant. The quantity usually measured in 
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cross-section measurements is an average of the two, 
since both nuclei and neutron beams are unpolarized. 
Polarization of neutron beams is possible however, 
and in principle the nuclear moments can also be 
aligned by application of a suitably high magnetic 
field. 

For polarization, energy of the nucleus in the mag- 
netic field, /i//, must be greater than the thermal 
vibration energy kT which tends to disorient nuclei. 
Because of the small value of the nuclear moment, this 
requires high magnetic fields and temperatures well 
below 1K. A number of measurements have been 
made at Oak Ridge in the past few years to produce 
polarization by adiabatic demagnetization cooling, 
and to detect it by variation in the neutron cross-sec- 
tion. Kxperiments by Hernstein ct a/. 11 - 12 on Mn &r> and 
by Roberts et a/. 13 on Sm took advantage of the hyper- 
fine coupling between the nuclei and electronic system 
by using paramagnetic salts of the metals. Polariza- 
tion of Mn nuclei in manganous ammonium sulfate 
at 0.2K and 2350 gauss was detected by the depend- 
ence of induced activity on the polarization of a 
bombarding thermal neutron beam. In an experiment 
on Sm in samarium ethyl sulfate the magnetic field 
was 11,000 gauss and temperature ().13K. Nuclear 
polarization was detected in this case by allowing an 
initially unpolarized neutron beam to fall on the 
sample and analyzing polarization of the transmitted 
portion, from which one component had been selec- 
tively absorbed by the Sm thermal resonance. 

The most recent experiment has been the direct or 
"brute force*' polarization of indium in metallic form, 
by low temperature and high magnetic fields only, 
without recourse to the hyperfine coupling. Indium 
was a favorable choice for several reasons. It has a 
large magnetic moment, is suitable for cryogenic work 
because of its metallic heat conductivity, and has a 
resonance at 1.458 ev which results in a high thermal 
neutron capture cross section for one spin state. As 
had been pointed out by Rose 14 it is possible from 
such polarization experiments to determine which spin 
state has the resonance. 

In the experimental arrangement, the sample, in the 
form of 20 indium foils 0.025 cm thick, was cooled by 
conduction through silver wires to a sail, FefNHO 
(SO2)2-12 HiO, which in turn was cooled by adiabatic 
demagnetization to around 0.035K. A field of 11,150 
gauss was then applied to the indium. A polarized 
neutron beam was obtained by diffraction from the 220 
planes of a magnetized Fe 3 O 4 crystal, 15 and transmis- 
sion through the indium was measured for the neutron 
polarization either parallel or antiparallel to the ap- 
plied field. Figure 5 shows on the left scale the per 
cent difference of transmission for the two cases as a 
function of time after application of the field. Per cent 
nuclear polarization is shown on the right, scale. Time 
delay represents a relaxation time for establishment 
of thermal equilibrium in the system. Transmission 
was highest for antiparallel relative spin orientation, 
leading to the conclusion that the compound state 
corresponding to the 1.458 ev resonance in In is 
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5. NEUTRON DIFFRACTION CRYSTAL 
STRUCTURE ANALYSIS 

The diffraction of thermal neutrons in crystals has 
proved to be a widely applicable reactor research 
method, which has been developed particularly by 
Wollan and Shull. Work in this field is surveyed by 
them 10 in the reactor physics sessions, and only some 
general comments are made here. Initially neutron 
diffraction served the purpose of determining nuclear 
scattering cross-sections in the thermal energy range, 17 
where total cross-section as measured by transmission 
is too dependent on crystal diffraction effects to be 
readily interpretable as a nuclear property. Although 
cross-sections for almost all natural elements and a 
number of isotopes have now been measured, there 
still remain a large number of separated isotopes to 
be done. 

Recently, however, the role of neutron diffraction 
has been not so much in nuclear as in solid-state re- 
search, where it is similar and complementary to 
X-ray and electron diffraction. One of the principal 
applications has been magnetic structures. Unlike 
X-rays, the neutron, in virtue of its magnetic moment, 
interacts with atomic magnetic moments. In magnetic 
crystals, diffraction is therefore by a combination of 
the nuclear and magnetic scattering from each atom. 
It is therefore possible to determine not only the space 
arrangement of the atomic lattice, but also the magni- 
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tude and orientation of magnetic moments associated 
with the various lattice positions. A number of reports 
on ferromagnetic and anti-ferromagnetic materials are 
to be found in the recent literature. 18 - 19 Another par- 
ticular field of application has been the investigation 
of structures involving atoms whose X-ray scattering 
[lowers are either too nearly equal (e.g., iron and 
cobalt) or too different (e.g., hydrogen and carbon) to 
be readily amenable to X-ray detection. There is par- 
ticularly wide potential application in the large class 
of hydrogenous crystals, including of course all 
organics. Although a few hydrogenous crystals, such 
as Rochelle salts 20 and potassium dihydrogen phos- 
phate, have been intensively investigated, work in this 
field has hardly started. 

Most of the initial work with neutron diffraction 
was done by the Debye-Scherrer, or powder diffraction 
method. With refinement of techniques and increasing 
complexity of the problems attacked, single crystal 
diffraction techniques have become increasingly useful 
and necessary. Figure 6 shows the most recent neutron 
spectrometer developed for this purpose by Frazer, 
Pepinsky, and others at Brookhaven Laboratory. The 




Figure 6. Neutron diffraction spectrometer for single crystals. Small high 

pressure BF counter is adjustable on arc mounting added to GE X-ray 

unit. Sample crystal is BaTiO*, 

BF 8 detector, operating at 1 or 2 atmospheres pressure, 
has been reduced in size enough to be used with a 
standard GE X-ray goniometer. The goniometer was 
also modified by the addition of an arc mounting to 
permit counter rotation about a horizontal axis to 
study upper layer lines without change of the sample 
crystal. Perhaps the most complex structure investi- 
gated so far by neutron diffraction is the work on 
Rochelle salts by Frazer. 20 This has established the 
structure with considerably more precision than by 
X-ray methods and demonstrated the applicability of 
neutrons to crystal lographically complex structures. 



6. NEUTRON SCATTERING, REFRACTION 
AND DEPOLARIZATION 

A number of experiments, although perhaps pro- 
perly classified as neutron diffraction, are of a slightly 
different character. The preceding section dealt with 
studies of the arrangement of atoms and their mag- 
netic moments in the crystal lattice, that is, the struc- 
ture of the lattice unit cell for a perfect crystal. This 
section deals brieily with one or two experiments which 
bear on the larger scale structure of crystalline mate- 
rials, such as grain and mosaic structure, magnetic 
domains, distortions, and imperfections. These can be 
investigated partly through the characteristics of the 
diffraction pattern, but also through such effects as 
refraction and total reflection at boundaries, or de- 
polarization of a neutron beam under action of local 
magnetic fields. 

In diffraction studies on the anti-ferromagnetic 
oxides NiO and CoO, Shull and collaborators 21 found 
that, whereas a nti- ferromagnetic ordering exists only 
below the Neel temperature, there was some evidence 
of residual intensity in the diffraction peaks just 
above the Ned temperature. Later experiments by 
McKeynolds and Ris:e" on Fe a O 4> and by Shull and 
Wilkinson 21 on Fe, both near the Curie points, have 
established more clearly the interpretation. Figure 7 
shows some results for FeaOi indicating that around 
the usual Bragg (111) peak a weaker diffuse peak 
arises as temperature approaches the Curie tempera- 
ture of 580C. With further decrease of the tempera- 
ture below T c the diffuse peak diminishes. Shull and 
Wilkinson 23 hadobservedarelatcdi)henomenonofsmall 
angle scattering of a beam transmitted through iron, 
the scattering being maximum near the Curie tem- 
perature. Both results are explained by the interpreta- 
tion that although the long-range ordering, and there- 
fore the domain structure, disappears above the Curie 
temperature, a short-range correlation between spins, 
representing a sort of transient sub-domain structure, 
persists. In fact the short-range correlation is at a 
maximum just at the critical point. Van Hove has 
shown theoretically that just such behaviour is to be 
expected. Results similar to those for the Fe a O 4 have 
been found for a CoO single crystal. CoO is a somewhat 
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Figure 7. Diffuse peak around the (111) Bragg diffraction arises from 
short range spin correlation which is at a maximum at the Curie tem- 
perature of 580C 
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more favorable case because the peak is entirely anti- 
ferromagnetic, with no nuclear component. Further 
quantitative measurements have been carried out to 
investigate the correlation function of distance and 
temperature. 

Another feature of interest in magnetic domains is 
the nature of the "Bloch wall," or transition layer, 
between two differently oriented domains. Figure 8 
shows an Fe-Si single crystal specially prepared by 
Williams and Nesbitt to contain a single domain wall 
as shown. Experiments on the effects on a neutron 
beam transmitted through such a single domain wall 
have been carried out by Holt and McReynoids. Two 
expected effects are directly observed. Since the neu- 
tron has its magnetic moment parallel to the internal 
field on one side of the boundary and anti-parallel on 
the other side (if it retains the same polarization) its 
energy is slightly different. This means that it has a 
slightly different index of refraction on the two sides 
of the boundary, and if incident at small angles is 
refracted slightly. A second effect is that, depending on 
the transit time of the neutron through the wall as 
compared with its Larmor precession frequency, it 
may or may not have its polarization reversed in 
transit. Using highly collimatec.1 beams and the polariz- 
ing and analyzing mirrors shown in Fig. 1, both effects 
of refraction and depolarization have been observed. 
It is hoped that, further investigation of these effects 
as a function of neutron velocity and incident angle 
can lead to an evaluation of the Bloch wall thickness. 
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Figure 8. Experimental arrangement for direct observation of refraction 

and depolarization of neutron beams at a single magnetic domain 

boundary. Beam polarization arrangement is shown in Fig. 1 

7. ENERGY EXCHANGE BETWEEN THERMAL 
NEUTRONS AND CRYSTAL LATTICES 

A neutron of near thermal energy scattered in a 
crystal can lose energy by exciting lattice vibrations 
or can gain energy from the lattice vibrations. That 
is, it can be inelastically scattered with either emission 
or absorption of quanta of lattice energy called 
phonons. From the practical viewpoint this process is 
of interest because it constitutes the mechanism of 
thermalization of neutrons in a moderator. From a 
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Figure 9. Apparatus for observation of the energy spectrum of Bo 
filtered slow neutrons after scattering in a crystal lattice 

theoretical viewpoint it provides a means of investi- 
gating crystal lattice dynamics. The objective is to 
determine the energy spectrum of lattice vibrations. 
X-rays, which serve to some extent this purpose, have 
wave-lengths comparable to lattice dimensions but 
have much higher energy than the phonons. With 
neutrons it is possible to observe directly the energy 
exchange since neutrons of thermal energy have a 
wave-length of the order of an Angstrom unit. 

One experimental approach to the problem is to 
introduce neutrons of essentially zero energy, then 
study the energy distribution of the scattered neu- 
trons as a function of crystallographic direction. Ap- 
paratus set up for that purpose at Brookhaven 
Laboratory by Carter, Palevsky, and Hughes 24 is 
shown in Fig. 9. The reactor beam is filtered through 
fine grained Be to remove all neutrons except those of 
wave-length 4 A and greater. Liquid nitrogen cooling 
of the filter increases transmission. Energy analysis 
of the beam scattered at right angles is accomplished 
by a chopper time-of-flight apparatus. Figure 10 shows 
the energy distribution of neutrons inelastically scat- 
tered in polycrystalline Be. As shown, the energy 
spectrum can be predicted theoretically by the Debye 
approximation and from the known constants of the 
crystal. Whereas the energy of the maximum of the 
distribution is in good quantitative agreement with 
the theoretically predicted one, the predicted double 
peak shows up only as a slight asymmetry of the peak. 
In order to obtain more detailed information about 
vibrational modes it is desirable to use a single crystal 
as scatterer, and such experiments are in progress with 
an A I single crystal. The energy peaks in the scattered 
beam show strong dependence on the orientation of 
the scatterer, as would be expected from the crystal- 
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line anisotropy. Rather detailed calculations have in 
fact been made by Squires 26 on the basis of a more 
detailed model than the Debye model for zero energy 
incident neutrons. These lead to the prediction of 
three energy surfaces in reciprocal space defining the 
possible energy absorption as a function of crystallo- 
graphic direction. The right-angle scattering direction 
used is very useful for comparison with these predic- 
tions, since in that direction the effect of non-zero 
energy of the incident beam is very small. By measure- 
ment of the scattered beam energy peaks in various 
directions, one could determine the energy surfaces 
experimentally, and, to the extent to which this has 
been done, agreement with Squires' calculated peaks 
is satisfactory. 

An alternative approach to measurement of lattice 
dynamics has been taken by Brockhouse 26 at the 
Chalk River Canadian Reactor. Rather than a zero 
energy beam, he has used a monochromatic beam in 
the much higher flux thermal energy range. This beam, 
obtained from a crystal spectrometer, is scattered from 
the crystal sample, and the scattered beam is energy 
analyzed by a second crystal spectrometer. A diagram 
of the apparatus used is shown in Fig. 11. In studies 
on the energy exchange through the coupling forces 
in paramagnetic crystals, he reports appreciable effect 
in Mn 2 O s with transition temperature 8()K, but no 
observable effect in the more weakly coupled MnSO 4 , 
with transition temperature 14K. 
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8. SLOW NEUTRON TRANSMISSION STUDIES 
IN SOLIDS 

In the thermal energy range, neutron scattering in 
solids depends in a rather complicated way on the 
crystal and grain structure. It is just this dependence 
in fact which enables one to investigate the crystal 
structure by neutron diffraction, as discussed in a pre- 
vious section. Consequently most of the published 
data on total neutron cross-sections vs energy through 
the thermal range are strongly dependent on unknown 
details of the grain structure of the particular sample 
used and have little fundamental significance. This is 
true except in the cases where capture cross-section is 
large compared to scattering. At lower energies, how- 
ever, when the neutron wave-length becomes greater 
than twice the largest lattice spacing, Bragg diffrac- 
tion is no longer possible, and the crystal becomes 
relatively transparent. Neutron transmission studies 
in tnis simpler range lead to both nuclear and solid- 
state data of interest. The transparence of crystals in 
this range is in fact an aid in obtaining slow neutron 
beams for such experiments. 
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Figure 10. Wave-length spectrum of neutrons after scattering in poly- 
crystalline Be, measured as shown in Fig. 9. Incident neutrons were 
beryllium filtered (X > 4.4 A) 



Figure 11. Crystal spectrometer arrangement at Chalk River, Canada, 
for study of energy change of monochromatic neutron beam of near- 
thermal energy in crystal lattices (courtesy B. N. Brockhouse) 

Slow neutron beams may be obtained by several 
methods crystal fillers, crystal spectrometers, chop- 
per time-of-flight instruments, mechanical velocity 
selectors or combinations of these. Passage of the 
neutron spectrum from a reactor through a crystalline 
filter in the shield causes the higher energies to be selec- 
tively scattered out, leaving in the transmitted beam 
only the long wave-length part of the Maxwellian dis- 
tribution, which lies beyond the Bragg cut-off. With a 
Be filter this means X > 4A, R < 0.005 ev. For some 
purposes a filtered beam is sufficient, but further selec- 
tion of a monochromatic beam can be accomplished 
by a crystal spectrometer or mechanical selector. Al- 
ternatively, the beam can be sorted into intervals by 
a chopper time-of-flight apparatus. A combination of 
filters and suitable crystal monochromators has been 
used by McReynolds 27 for transmission studies over 
the range X = 3.6 to 9 A, E = 0.006 to 0.001 ev. A 
diagram of the apparatus is shown in Fig. 12. A pre- 
liminary Pb filter attenuates fast and thermal neu- 
trons and gamma rays. An external Be or BeO filter 
further attenuates neutrons up to 4.4 A, which would 
otherwise appear as higher order diffracted beam from 
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Figure 12. Arrangement of crystal spectrometer for studies of long 
wave-length neutrons (4-10 A) through crystal lattices 

the crystal. Selection of the monochromatic beam is 
then by dilTruction from the (111) planes of an FeaO 4 
crystal set at the appropriate angle for the desired 
energy. Further improvements by Antal, particularly 
the substitution of mica for Fe 3 O 4 , with different filter 
crystals, promises to extend the range to around 14 A. 
A recent application of long wave-length transmis- 
sion studies is the measurement of imperfections in 
the crystal lattice. Attenuation of the neutron beam 
arises from three effects: (1) nuclear absorption, (2) 
inelastic scattering by lattice thermal vibrations, and 
(3) incoherent scattering, in which the atoms act in- 
dividually as scatters. The three effects are separable, 
since the nuclear component depends linearly on wave- 
length but not on temperature, the inelastic compo- 
nent is temperature dependent, and the incoherent 
component depends on neither temperature nor wave- 
length. Neglecting for the moment the effects of spin 
and of random isotopic distribution, it may be said 
that the atoms in a perfect lattice cause no incoherent 
scattering. However, each atom displaced from its nor- 
mal lattice site into an interstitial position scatters 
just as a single isolated atom. Similarly, a vacant lat- 
tice site in an otherwise perfect lattice has a scattering 
cross-section equal to that of the missing atom. Thus 
the difference in attenuation between a perfect and 
imperfect lattice, if the imperfections are only inter- 
stitials and vacancies, is a direct measure of the num- 
ber of imperfections. Figure 13 shows the results of 
transmission measurements by Antal, Dienes, and 
Weiss 28 of the comparative transmissions of two 
graphite samples identical except that one had been 
subjected to fast neutron irradiation in the Brook- 
haven reactor of about 1.1 X 10 20 neutrons/cm 2 . At- 



tenuation of the two samples can therefore be expected 
to be identical except for the effect of lattice damage 
by irradiation. As seen in the figure, transmission of 
the irradiated sample is decreased by a factor of 0.6, 
corresponding to a fraction 0.026 of displaced atoms. 
Since the carbon cross section is well known, this is 
an absolute figure and may be compared with the pre- 
dictions of Seitz's theory, which gives a fraction 0.021. 
In view of the rather large uncertainty in calibration 
of the number and energy distribution of the bom- 
barding fast neutrons, this agreement is satisfactory. 
The effects on slow neutron transmission of inelastic 
scattering by lattice thermal vibrations have also been 
extensively investigated by Palevsky, Hughes and col- 
laborators, 29 who used the slow chopper technique. 
The total inelastic scattering as thus measured is an 
integral quantity, including all directions and energies 
of scattering. It is therefore not subject to as detailed 
interpretation in terms of the lattice vibration spec- 
trum as is the energy analysis of scattered neutrons, 
discussed in the preceding section. The experimentally 
measured inelastic cross-section as a function of crys- 
tal temperature and neutron wave-length can never- 
theless be compared with approximate theoretical 
calculations based on the assumption of a Debye 
frequency spectrum. Measurements have been car- 
ried out on polycrystalline samples of Be, C, Mg, Al, 
Fe, Cu, /r, Pb, and Bi. For a few of these cases the 
agreement between experiment arid theory is good, 
but in most of the cases it is poor. Besides its interest 
in solid-state theory, measurement of the tempera- 
ture-dependence of slow neutron scattering beyond 
the Bragg cut-off allows one to eliminate from the 
total cross-section that part which arises from thermal 
inelastic scattering, and thus to determine the nuclear 
capture cross-section. 

9. FAST NEUTRON RADIATION DAMAGE 

Although the most immediate interest in radiation 
damage is in its technological considerations, the con- 
trolled introduction of crystal lattice defects by nu- 
clear particle bombardment offers an opportunity to 
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Figure 1 3. Decrease in slow neutron transmission of graphite by scatter- 
ing from lattice defects created by fast neutron radiation damage in a 
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gain further insight into fundamental processes in 
crystals. Radiation damage both from the standpoint 
of reactor materials and of solids in general is sur- 
veyed by a number of authors in Sessions 11B and 
13B, (Vol. 7), and need not be further discussed here. 

CONCLUSIONS 

It may be concluded that besides the obvious tech- 
nological applications of a research reactor, there re- 
main a variety of problems in basic physics research 
to which it is applicable. Nuclear measurements of 
cross-sections and both (n,y) and fission reactions can 
be expected to continue to be important for some 
time. Neutron diffraction and other solid-state appli- 
cations including radiation damage constitute an in- 
creasingly large part of physics research with reactors, 
and can be expected ultimately to outweigh the nu- 
clear applications. 
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Cross Sections of Atomic Nuclei for the (n,p) Reaction 



By Z. Wilhelmi, Poland 



The statistical theory of nuclear reactions has been 
in the crossfire of different types of experiments for 
many years. It emerges triumphantly from some ex- 
periments, showing agreement between the theoretical 
cross-sections, and the results of experiment; 1 some- 
times, however, it conflicts with such experimental 
results, as it does for example, in the case of reactions 
produced by photons of average energy. 2 Finally, in 
several cases, the results of the measurements made 
by one author, 8 disagree with those obtained by an- 
other author. 4 

In view of the fact that this question is of a complex 
nature, it is necessary to gather a wealth of experi- 
mental material concerning new nuclear reactions, 
which not only would be a criterion for the statistical 
theory, but also would strengthen the experimental 
basis for the development of more perfected theoreti- 
cal concepts. 

Bearing these broad requirements in mind, this 
paper deals with the measurement of effective cross- 
sections for the (n,p) reaction and their interpretation 
on the basis of statistical theory. For these investiga- 
tions, incidentally, use was made of the nuclei of ele- 
ments which have a bearing on reactor design. 

I. METHOD OF MEASUREMENT 

In order to determine the cross section of nucleus 
XZ A in the reaction: 

it is necessary to know: (a) the intensity, /, of the 
neutron flux impinging on the sample of known con- 
tent of isotope XZ A , (b) the number of nuclei, n, which 
react during a period of one second of irradiation. 1 The 
intensity, /, of the neutron beam, was determined by 
counting the proton tracks in a photographic emul- 
sion. The number of nuclei, , was determined from 
the number of /3-radioactive nuclei produced by reac- 
tion (I); i.e., YX-\ A . 

Measurements were made in the following manner: 
we placed a ground sample of X% A in a ring-shaped 
container (Fig. 1); this chamber was rotated around 
the shield of the accelerator used as a source of fast 
neutrons with a known spectral distribution 6 by the 
(</,/*) reaction; the energy of the neutrons was 750 
kev. A photographic plate placed on a suitable holder 
was rotated with the container and served to measure 
the intensity of the neutron flux. 

Original language: Russian. 
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A rotating container was used because the neutron 
source could not be assumed to be a point source, as 
the design of the accelerator tube did not make it pos- 
sible to have a highly concentrated beam of dcuterons. 

The measurement of neutron intensity with the aid 
of a photographic emulsion was done only once, 
namely for the determination of the (,/>) cross-sec- 
tion of Fc 68 . For other isotopes, the cross-sections 
were determined relative to Fe 56 . For this, the sub- 
stance under investigation and an iron powder sample, 
which served as reference, were placed in separate 
sections of the container. 

After neutron irradiation over a certain period of 
time during which the intensity was kept constant, 
the irradiated samples were transferred, in suitable 
standard trays, to Geiger counters and their activity 
measured. Analysis of the radioactive decay curves 
enabled us to single out the product of the reaction, 

i r *-A 

The question of corrections to account for back- 
scattering and absorption of the electrons in thick 
irradiated samples; i.e., samples for which neglecting 
these phenomena might lead to significant errors, 
deserves special mention. If one wishes to know accu- 
rately the number of nuclei subject to the reaction 
under investigation (1) it is necessary to know what 
portion of the total number of 0-particles emitted 
from nuclei YZ-\ A in the direction of the Geiger 
counter actually reaches it. It is known that a portion 
of these electrons going in the direction of the counter 
window is absorbed by the mass of the sample itself, 
and does not reach the window. However, on the other 
hand, several /3-particles which are moving in the 
direction opposite to the window are thrown back, 
thanks to backscattering, and enter the counter. The 
coefficient of electron absorption, and the coefficient 
of backscattering (which sometimes is simply ignored) 
are usually determined separately; afterwards, a 
correction is made utilizing a semi-empirical relation- 
ship between these quantities and the sample thickness. 

Such a method is not very accurate. This is borne 
out, at the very least, by the large difference in results 
in measuring the coefficient of absorption obtained by 
different authors. 3 - 4 

We have therefore developed a method with which it 
is possible to determine, in one measurement on a thick 
sample, the effects both of the absorption and of the 
backscattering of electrons. Using this method, all 
assumptions regarding the nature of absorption and 
backscattering arc unnecessary; especially in the case 




CROSS SECTION OF (n,p) REACTION 



103 




Plgur* 1 

when the spectrum of the isotope being investigated 
is a complicated one, these assumptions could lead to 
serious errors, and, at any rate, would require very 
complicated calculations. 

In our investigations, we prepared a thin sample 
(i.e., a sample with negligibly small absorption and 
backseat tering) of the isotope YZ-\ A which is yielded 
in sufficiently large quantity by some reaction [not 
necessarily (n,p)] with as good an efficiency as possible. 
The thin sample consisted of a thin layer applied to a 
thin cellophane base. 

After measuring the activity a t of this thin sample, 
the radioactive material was thoroughly scraped or 
washed from it; it was then mixed with a powder con- 
sisting of the same material and in the same quantity 
as the sample irradiated during the cross-section 
investigation (for instance, iron powder). This mixture 
was placed on a standard tray on the counter, and its 
activity, <zo, was measured. The separately measured 
activity, a 3 , of the tracks remaining on the cellophane 
base of the thin sample after scraping, permitted us 
to determine the per cent ratio of active material 
transferred from it to the thick sample. Of course, in 
view of the decrease in activity during the time 
required for the three measurements, the counts had 
to be corrected for the difference in time. a b a 2 and a a 
are the activities so corrected. 



The quantity b = 



(2) 



is the so-called "thick sample correction coefficient;" 
if one wishes to find the number of ^-disintegrations 
taking place over a certain period of time in the thick 
sample, the number of counter pulses must be divided 
by the efficiency and multiplied by 6. 



It must be noted that the accuracy of this method 
depends on the activity of the thin sample, and there- 
fore on the possibility of obtaining the given isotope in 
sufficiently large quantities and with a sufficiently high 
activity. In some cases, this entails great difficulties. 

In these cases, in place of the given isotope Y%.,\ A 9 it 
is possible to use for the thin sample another isotope 
readily available in considerably larger quantities; 
however, this may be done only on the condition that 
the "replacement isotope" have exactly the same 
spectrum as the isotope YZ-I A - In the described meas- 
urements, we used our "replacement method*' with 
Ge 75 ; it was replaced by N 13 , obtained by the reaction 
C "(</,) N 18 in a concentration a thousand times 
higher than Ge 7B . 

It should be pointed out that when the half-life of 
isotope YZ-I A was very short (for instance, of the 
order of some seconds), we used photographic detec- 
tion; individual counter pulses flashed a neon lamp, 
and the flashes were recorded on a film moving at 
constant speed. Another lamp, fed by a stabilized 
frequency generator, recorded a time scale on the same 
film. This is the method we used in measuring the 
cross-sections for the new reaction discovered by us 



II. RESULTS 

Our measurements of effective cross-sections in- 
clude the (n,p) reactions in Table I. 

Table I 



The cross-section of the reaction Fe 56 (n,^)Mn 66 was 
determined on the basis of the cross section of hydro- 
gen for neutron scattering, which is known to an ac- 
curacy of about 5%. 7 - 8 - 9 

For these measurements, we used an llford C 250 
photographic plate placed in the rotating container, as 
was described above (Fig. 1). Ft turned out that it is 
convenient to arrange this plate in such a way that 
the neutrons impinge on the surface of the emulsion. 
Taking into account a whole series of corrections, it 
was found that the effective cross section of Fe 56 for 
the (w,/0 reaction is: 

<T FP = 3.1 X 10 26 cm 2 12% 

For the remainder of the reactions in Table I, the ef- 
fective cross sections were measured using the nucleus 
of Fe 56 as a standard of comparison. 

The results of the measurements are shown in 
Table II. 

Table II also contains the results of theoretical cal- 
culations based on the statistical theory of nuclear re- 
actions of Weisskopf and Ewing. 10 - 11 

According to the statistical theory, the effective 
cross-section of a nucleus to the reaction (n,p) may 
be determined from the following equation: . . 
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Table II 


,.,., 


Z 


N 


Reaction threshold 
used in calculations, 
in Mev 


Experimental 
cross-section of 
(n,p) reaction 
in millibarns 


Krror in 
measurement in "A 


Theoretical 
cross-section of (n,p) 
, reaction in 
millibarns 


Mg 


12 


13 


2.95 


62 


12 


53.9 


Al" 


13 


14 


1.83 


42 


8 


136 


Cr" 


24 


28 


2.73 


20 


10 


29.2 


Fe 56 


26 


30 


2.92 


31 


12 


13.4 


As 75 


33 


42 


0.42 


5.2 


9 


14.3 


Sn lltt 


50 


66 


2.17 


1.6 


18 


0.12 


Sn llH 


50 


68 


0.72 


11.3 


18 


0.75 



~a) + "" 

(3) 

where /*', F n , 7 v a , etc., give the probability of emission 
of proton, neutron, a-particle, etc. from the compound 
nucleus. 

ff(E n ) is the effective cross-section of the primary 
nucleus for the formation of the compound nucleus 
upon collision with a neutron with energy E n . T n , P is 
the threshold of the (,/>) reaction which, according 
to the theory of the compound nucleus, is equal to 
the difference in binding energy of a proton and a neu- 
tron in the compound nucleus; T n , a is the threshold 
of the (ft,cr) reaction. 

For high energy neutrons, the de Broglie wave 
length of which is significantly smaller than 2irR 
(where R is the radius of the nucleus, and o- is equal 
to the geometric cross section of the nucleus, irR 2 ), 
the function F p , /%, F a or, in the general case, F ft is 
given by the following equation: 



2M [ Kn - 
"** Jo 



En - T nft - E ff ) dE (4) 



where Ep is the energy of the proton (neutron, a-par- 
ticle, etc.) leaving the compound nucleus; Afp is the 
mass of the proton (neutron, a-particle, etc.); a f (E) 
is the cross-section for the formation of a compound 
nucleus by collision between a proton (neutron, a-par- 
ticle, etc.) of energy Ep, and the nucleus which is the 
end product of the (,/>), (,), (w,a) etc., reaction, 
excited to an energy E n T n p Ep\ W y is the den- 
sity of levels in the final nucleus. 

The theoretical cross-sections in Table II, were cal- 
culated on the assumption that the geometric radius 
of the nucleus is given by 

/e = r -/i h (5) 

where A is the mass number and r = 1.3 X 10 ia cm. 
The ratio between the level density W VJ and the ex- 
citation energy /, was calculated 'according to statis- 
tical theory, as follows: 



\\\/E = ce z 



(6) 



where a is the constant relating'the excitation energy 
E to the temperature of the nucleus: 



E = a 2 



(7) 



This constant was used by us in calculations in ac- 
cordance with Weisskopf. 10 

We determined the functions F n and F p for each of 
the investigated isotopes; and, on that basis, we cal- 
culated <r n . p for different energies. As an illustration 
we give a n . P (En) for Fe B6 , Cr 62 and Sn 116 (Fig. 2). 

In view of the fact that, in our measurements, we 
determined the average cross-sections of the neutron 
spectrum all the way up to 15 Mev, we also had to 
average the theoretical cross-sections for purposes of 
comparison. The results of these calculations are 
shown in Table II; according to statistical theory, 
theoretical cross sections of double-even nuclei (Z and 
A T -even) were multiplied by two. 11 

A comparison of experimental and theoretical values 
shown in Table II indicates that, although the order of 
magnitude and general nature of changes of the inves- 
tigated cross-sections <r n , p with the atomic number 7. 
is in accordance with the predictions of statistical the- 
ory, there still are large deviations in individual cases. 
Thus, we see that the cross-sections of Sn 116 and Fe 56 
actually are larger than the theoretical values, whereas 
As, 7& Cr 62 and Al 27 have a cross-section smaller than 
expected. This last case is difficult, to handle with the 
statistical theory of nuclear reactions in view of the 
small number of neutrons. As to the others, it is nec- 
essary to decide whether these deviations violate sta- 
tistical theory or whether they are compatible with it. 
Let us review, briefly, the possible reasons for the lack 
of agreement: 

1. First of all, it must be noted that the theoretical 
cross section depends to a very great extent on the 
assumed geometric cross-section, and therefore on r n 
in Equation 5. Unfortunately, however, in many 
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papers on the experimental determination of the ra- 
dius of a nucleus (such as references 12 and 13) dif- 
ferent values of r are given, depending on the method 
of measurement and on the particular element in- 
volved. From this, there arises some possibility of in- 
correct evaluation of the (n,p) cross section which, as 
our calculations have shown, is very sensitive to the 
choice of r . 

As an illustration, we give the results of com- 
putations of <r n ,p(/t) n ) performed for the nucleus Sn 116 
for different values of r , viz., r = 1.3 X 10~ 13 cm 
and TQ = 1.5 X 10" 13 cm (curves 1 and 2 in Fig. 3) 
at equal nuclear temperatures. It turns out that cr n , p 
with r = 1.5 X 1O~ 13 is 3-4 times larger than the cor- 
responding value for r = 1.3 X 10 ~ 13 cm. Because of 
this, assuming that for Sn 116 the coefficient r 1.5 
X 1Q~ 18 (which, by the way, is in accordance with the 
results of Amaldi's work on the scattering of 14 Mev 
neutrons, 14 thus work whose conditions were close to 
ours), we obtain a theoretical average cross-section 
for the spectrum used of 0.33 mb, considerably closer 
to the experimental value. Proceeding in a similar 
fashion in the case of Fe 66 using the larger value of 
r n we obtain results in conformity with experiment. 

Things arc different for Cr 52 and As 76 . Since the 
value of r = 1.3 X 10 13 cm, which was assumed in 
the calculations, is probably the smallest among meas- 
ured TO values, the theoretical values of a will not be 
reduced but rather increased. Thus, the differences 
between the experimental and theoretical values of a 
for Cr 52 and As 76 must be sought elsewhere, and not 
in the choice of r . 

2. Apart from r , a large influence upon the theoreti- 
cal value of a is exerted by the assumptions made with 
regard to nuclear temperature. To establish this 
dependence, Fig. 3 shows, in curve 3, the effective 
cross-section calculated for the same nucleus radius 
as curve 2, r Q = 1.5 X 10 13 , but at a temperature 8% 
lower. It turns out that even such an insignificant 




8 10 12 14 16 
E n (Mev) 

Figure 3. Energy 



decrease in the assumed nuclear temperature causes a 
considerable decrease of (r w ,p. The average cross-sec- 
tion of Sn 116 over the range 3-15 Mev became 3.5 
times smaller (from 0.32 mb to 0.092 mb). A suitable 
temperature correction with regard to nuclei Cr 62 and 
As 75 could, of course, make their theoretical effective 
cross-sections equal to the observed cross-sections. 
However, this would cause a change in the cross-sec- 
tion of other reactions such as (ft,2w), etc., and also a 
change in the energy spectrum of the reaction prod- 
ucts. These investigations must be carried out as 
broadly as possible. However, since at present there is 
not enough experimental material, we cannot offer 
proposals for changing the present assumptions about 
the temperature of nuclei. We can confidently state, 
however, that the very need to make such a change 
in the heretofore assumed temperatures with regard 
to only a few nuclei, would throw doubt on the power 
of statistical theory, and it would at the very least 
indicate that, in addition to the mechanism by means 
of which this theory explains nuclear behavior, there 
exist other processes as well; that even at such low 
neutron exciting energies as were used in our measure- 
ments, these do affeci the course of the reaction. 

3. Finally, we must turn our attention to the rela- 
tion between <r n , p and the threshold of reaction, 7\,, p , 
since disagreements between the results of experiments 
and theory may partly be explained by an insufficient 
knowledge of this threshold. Its value is not known 
from independent experiments; it must be inferred. 
In the case of light nuclei, the mass of which is known 
with great accuracy (to the sixth and even to the 
seventh decimal), 16 in calculating 7', p we used the 
mass balance, while for heavy nuclei we determined 
the threshold on the basis of product nucleus disinte- 
gration. Here we utilized the fact that the nuclei ap- 
pearing as the product of the (n,p) reaction are as a 
rule 0-emitters, and that their disintegration, there- 
fore, leads back to the primary nucleus. 

XZ A (n,p) VZ-\ A > XZ A (8) 

It is easily noted that, as a result of this, the threshold 
of the (n y p) reaction is: 

T n , p = E x + W H Wn (9) 

where E x is the energy of disintegration, ;;/ H is the 
mass of hydrogen atom, and m n the mass of a neutron. 
In this way, we determined the thresholds for Cr 52 , 
Fe 6fi , As 76 , and Sn 116 as accurately as is permitted by 
the accuracy of measuring E. In the case of the Sn 118 
isotope which, at the present time, has had a very 
short history since observations on it took place only 
in the (y,n) reaction 16 and the (n,p) reaction, 6 the 
energy of the 7-photon is altogether unknown. In 
view of this we were only able to determine the lower 
limit of the threshold (assuming the photon energy is 
zero) and so the corresponding upper limit of the 
cross-section. For this example we performed observa- 
tions on the effect of the threshold height on cross- 
section. Assuming different values of T n . p (0, 1, 2, 3, 4 
Mev) it turned out that this influence is tremendous, 
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Table III 



E. 
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for T n 


.1, (in A/IT) = 


3 




1.07 
7.20 
1.62 


4 


6 Mev 
8 Mcv 
10 Mev 
14 Mev 


6 
I 
6 

7, 


.95 X 
.94 X 
.25X 
.05 X 


1Q-29 

10~ M 
10-" 

10-" 


4. 
3. 
1, 
2, 


30 X 10" w 
,63 X 10-* 
,17 X 10-* 8 
, 14 X 10-" 


1.20 
6.2 
2.30 
3.60 


x 10-" 

X K)- 30 3. 
X 10-"' 4. 
X 10 " 7. 


74 X 
25 X 
40 X 
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Average for 3 to 15 
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4.70 
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Figure 4. Threthold of reaction (n,p), in Mev 

(Table III, Fig. 4). Thus we see, for instance, that 
increasing the threshold energy from 3 Mev to 3.5 
Mev, i.e., by 17%, reduces the effective cross-section 
six-fold. 

From this, it becomes obvious how important it is 
to know the disintegration energy for calculating 
<r n , p . It is possible that the reason for disagreement 
between experiment and predictions of the statistical 
theory in the case of As 75 and Cr 62 is the poor evalua- 
tion of E x . Calculating T n . p for As 76 we were basing 
ourselves on the work of McGowan and others 17 who 
did not detect radiations of Ge 76 which was the 
product of the (,/>) reaction. In the earlier work of 
Seaborg and others, 18 the presence of 7-rays is men 
tioned in the spectrum of this isotope, although their 
energy is not given. And so, if Ge 76 actually does 
radiate 7-photons, in accordance with Seaborg's ob- 
servations, then its disintegration energy E x would be 
larger than the one which we assumed for our calcula- 
tion in accordance with McGowan's work, the thresh- 
old energy would be higher, and the theoretical 
cross-section closer to the cross-section observed. 

With regard to the <r n , p cross-section of tin, we 
should mention that no special peculiarities appeared 
here in connection with the magic atomic number 
Z = 50; the cross-section for the (n,p) reaction did 
not turn out to be smaller than that expected on the 
basis of the statistical theory. However, here one must 



take into account the fact that the theoretical cross- 
section depends to a considerable extent on the 
threshold energy T n , P , and therefore on the binding 
energy of nucleons in the compound nucleus, since, 
the greater the proton binding energy, the higher the 
reaction threshold. Since nuclei with a magic number 
have an especially large proton binding energy, apply- 
ing the experimental value of T n . p to the calculation of 
ffn.p we take into account, to some extent, the "magic" 
character of the nucleus. A more thorough solution of 
this problem would require comparing the measured 
cross-section of tin with cross-sections of nuclei whose 
Z is close to 50 (especially with the cross-section of 
antimony 1-50), as well as similar investigations of 
cross-sections of nuclei with other magic atomic num- 
bers together with their neighbors. 
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KO = h 2 /2ma 2 serve as a unit of energy and to define 
the dimensionless parameters 

6,, 2 = -W/E (2) 

<<? = VolEo (3) 

and 

(4) 

Letting p = r/a, the radial wave equation becomes 



and 



(5) 



(6) 



ABSTRACT 

The discrete energy eigenvalues of a spherical well 
with an exponentially diffuse boundary are obtained 
to a good approximation for a range of well parameters 
of interest in nuclear physics. The method used in- 
volves replacing the centrifugal energy in the expo- 
nentially diffuse region by an approximate expression 
which leads to analytic solutions of the wave equation. 
The matching of the internal and external wave func- 
tions is then accomplished by the use of specially 
prepared graphs and tables. The eigenvalues and 
eigenfunctions are thought to be of interest in con- 
nection with studies of the independent particle model 
of the nucleus. 

1. INTRODUCTION 

A number of recent studies have stimulated interest 
in the problem of a single particle in a central field 
with a diffuse boundary. While most of this interest 
has been in connection with the positive energy states 
of the continuum, nevertheless the bound states are 
also of considerable importance. In this paper an 
approximate method is developed which appears to be 
adequate for the range of well parameters encountered 
in nuclear physics. 

The solution of the square spherical well eigenvalue 
problem is an essential preliminary phase of the 
approximate method of solution of the diffuse bound- 
ary problem. Accordingly, this older problem, which 
has been solved earlier in the literature, 1 will be con- 
sidered briefly first. 

2. EIGENVALUES FOR THE SQUARE 
SPHERICAL WELL 

The radial equation for the Ith state of orbital angu- 
lar momentum for a central field characterized by the 
potential V(r) may be placed in the form 

<PG/dr*+(2m/h*)[W - V(r) - /r/(/ + \)/2mr*\G = 

(1) 

where 6' = rR and R is the radial wave function. For 
the study of the spherical well of depth V and radius 
a it. is convenient to let a serve as a unit of length, 

* This investigation was supported by grants from the US 
Atomic Rnergy Commission and Florida State University 
Research Council. 

TaUhTsec m Horid a , USA!"' ^ ^^ ^ University ' Using the familiar recurrence relations for Bessel 
% On leave from the Seoul University, Seoul, Korea. functions it follows readily that 
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The internal solution which is well behaved at p = is 

Gi = Aip^J i+y (t' p) (7) 

where J denotes the usual Bessel function and A de- 
notes a normalization constant. The external solution 
which is well behaved as p > *> may be expressed in 
terms of Hankel functions of imaginary argument 
also called modified Hankel functions or Basset func- 
tions. Denoting these functions by K t +y 2 the external 
solution may be written as 

The e u , eigenvalues are obtained without considera- 
tion of the normalization constants by imposing the 
requirement that at the boundary, p = 1 



\_dGi 
Gi dp 



1 dG e 
G e dp 



or 



(9) 



where /*(O and Ei(t 10 ) are defined as the negatives of 
the logarithmic derivatives of the internal and external 
radial functions. 

To facilitate the solution of these transcendental 
equations subject to the condition imposed by Equa- 
tion 4, tables and graphs of Ii and Ki are exceedingly 
helpful. These may be compiled using 



dp 



(10) 
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(11) 



(12) 



Using these equations, these functions may be cal- 
culated for integral values of / by t he use of tables of 
half -integral Bessel functions or tables of spherical 
Hesse 1 functions (since ratios of Bessel functions 
are involved). Alternatively Ii values may be gen- 
erated for various orders by means of the recurrence 
relationship 



,,(,.)=/:' 



-+ l 



(13) 



providing // values for orders between % anc * J"2 are 
first calculated using tables of elementary functions. 
The use of Ii functions of nonintegral order will arise 
in the next section. 

Figure 1 contains graphs in which the ordinates 
represent the values of Ii at the abscissas correspond- 
ing to the square of the arguments. Such a graph will 
prove helpful in connection with the problem in the 
next section. 

Using the recurrence relationships for modified 
Bessel functions, the external function Ei can readily 
be shown to satisfy 



may be used to generate the external functions of 
integral order. 

For the application of the square well eigenvalue to 
nuclear physics a functional relationship between 
, P 2 and c " for various states is desired. These functions 
can now readily be generated by means of Figs. 1 
and 2 in the following way: (1) for a given / chose w 2 
and go to Fig. 2 to find Ei( U) ); (2) read the e' 2 values 
corresponding to /i(') = EI(C W ) from Fig. 1; (3) cal- 
culate 6,r using Equation 7. The process is then re- 
peated for a larger u . 2 until the entire desired range of 
to 2 is covered. For a given * M , 2 and hence /^( .) there 
are usually several e 2 roots within the range of *o 2 
values of interest. These higher roots correspond to 
the higher vibrat ional states for a given /. 

Figure 3 contains the results of the work with the 
square well potential. The form of presentation of the 
eigenvalues follows that of Moskowski 5 who has pre- 
pared a similar graph for a somewhat narrower range 
of the well range parameter. Essentially Fig. 3 repre- 
sents the energy eigenvalue measured relative to the 
bottom of the well. For a given state this parameter 
has a far smaller range of variation as 2 is changed 
than < u . 2 which corresponds to the actual energy. 
Furthermore, these *' 2 values go over to the results 
of the infinite spherical well as e 2 goes to infinity. 
The /2 eigenvalues for the infinite spherical well case 
arc obtained simply by imposing the requirement that 



. , , 
, dp ip 



f, 

A M ../ ? (e M .) 



and 



"-"Tt ' 

This latter equation in conjunction with 



(14) 



(15) 



(16) 



= (17) 

These e' 2 eigenvalues for the infinite case results are 
also shown in Fig. 3. Since the range of co 2 values of 
interest in nuclear physics certainly does not exceed 
200, the large differences between the finite and infinite 
results are quite noteworthy. It clearly points to the 
fact that results based upon either the spherical or 
cubic box approximations should be treated with 
great care in application to nuclear physics. 



25 



20 . 



- . ., 
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Figure 1. The function MX) plotted against x*. Labels within the graph denote I. The second set of curves which starts at / = 20 corresponds 

to the right scales 
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Figure 2. The function E/(x) plotted against x 2 . Labels within the graph 
denote / 



The results described here are naturally limited in 
accuracy by virtue of the graphical method employed. 
However, for the most part the accuracy obtained is 
more than is necessary at the present stage of nuclear 
physics. However, should the occasion arise, the re- 
sults for the finite square well can be refined consid- 
erably by the direct use of a table of -fiifa,) and a 
table of spherical Bessel function. 6 Accordingly we 
may write Equation 9 in the form 



=-/+!+. 



(18) 



Using the graphical results to locate the appropriate 
7 neighborhood it is relatively simple to refine the ?' 
root (for a chosen ,) to four or even five significant 
figures by careful interpolation. Should the need arise, 
these methods could probably be programmed into 
digital computer for still more accurate results. 

3. SPHERICAL WELL WITH AN EXPONENTIALLY 
DIFFUSE BOUNDARY 

In this section, a continuous central potential is 
assumed which changes at r a from a constant 
Fo to 



F(r)= -I'.cxpf- 



to 



r> a 



(19) 



The dimensionless parameter 6 characterizes the 
"shortness" of the exponential "tail." The case 5 = 
is simply the case discussed in the previous section. 
The form of the interior radial wave equation and its 
solutions are of course unaltered from those developed 
in the previous section; however, the dimensionless 
radial equation for p > 1 in this case is 



(20) 

Because of the presence of both the exponential and 
p~ 2 terms Equation 20 does not have any analytical 



solutions, nor is any transformation known which will 
reduce it to a differential equation with analytical 
solutions. It is, however, known that for s states, i.e., 
when the p" 2 term vanishes, Equation 20 can be trans- 
formed into BessePs equation. 7 One approximate pro- 
cedure which has been used 8 to overcome the difficulty 
for other than 5 states is equivalent to replacing p~- 
by 1. The centrifugal energy can then be taken to- 
gether with w 2 and solutions can be obtained in terms 
of Bessel functions. This approximation, however, is 
fairly crude and the chief concern here shall be to im- 
prove upon it. The improvement considered here is 
based upon the assumption that 



1 

p" 



i s + (1 - a") exp I - 



(21) 



where the constants a 2 are chosen to accomplish the 
best match of the function on the right to the func- 
tion on the left over the external region of impor- 
tance. Thus, the "centrifugal" energy in the external 
region is absorbed into the exponential tail and the 
total energy. The external radial wave equation now 
becomes 



-~ 
dp" 







where 



iso 



* = 45'W - /(/ + l)d- 2 )] 
n* = 46 2 [* tl , 2 + /(/ + l)a 2 ] 



(22) 

(23) 
(24) 
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Figure 3. Energy eigenvalues for the square spherical well (i.e., 6 * 0). 
The right scale gives the infinite spherical well eigenvalues 
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Letting 

x = exp ((1 - p)/2S) (25) 

the radial equation becomes 

x*G" + xG' + (kW - )G = (26) 

where the prime here denotes differentiation relative 
to .v. The solution of this equation which is well be- 
haved as p * oo , i.e., as x > is 

6'. = AJ(kx) = AJ n \k exp f(l - p)/2S]) (27) 

The negative of the logarithmic derivative of the ex- 
terior function at p = 1 is thus 

-GV/G'. = kJ n '(k)/2dJ n (k) 



k)] (28) 

Introducing v = n %, the negative of the external 
logarithmic derivative takes the form 



- 1/45 



(29) 



where /(&) is precisely the function introduced in 
Equation 9. The eigenvalue equation for the present 
case thus becomes 



//(O - -[/,(*)/2] - (1/46) 



(30) 



The parameters involved in this equation are subject 
to the requirements imposed by Equations 4, 23 and 
24. These may be combined into 



1(1 



(31) 



For a given 5, /, and jfe 2 , Equations 30 and 31 may be 
regarded as two simultaneous equations for the deter- 
mination of t' and V. Actually, for the application to 
which these solutions have been applied, d and / are 
first chosen in accord with the states under study and 
v is taken in accord with the orders of tabulated or 
graphed / functions. Then, Equations 30 and 31 are 
solved simultaneously for e' 2 and k' 2 . Since v 2 fixes w ' 2 , 
and e' 2 in conjunction with c w 2 determines 6 ' 2 , it is 
possible to generate the curves relating e' 2 to 2 
throughout the range of interest. 

For the purposes of solving Equations 30 and 31 for 
/2 and k 2 , the graph of the values of / functions may 
be utilized in the following way. According to Equa- 
tion 31, /2 is a linear function of k 2 with the slope 
(1/45 2 ). If a compressed scale is prepared such that 
one unit on the c' 2 scale corresponds to (1/45 2 ) units of 
e' 2 on the compressed scale, then for chosen values of 
v and / the compressed scale may be positioned so that 
any c' 2 on the compressed scale corresponds directly 
to k 2 on the basic scale. This may be accomplished 
simply by aligning the value of (v + \ffi on the reg- 
ular scale next to /(/ -f- 1) on the compressed scale. 
Next, a compressed vertical scale is prepared with an 
offset index so that as the index point is slid along the 
center axis of the horizontal scale the readings of the 
curve correspond directly to ,(,6) given by Equa- 
tion 29. Now to solve simultaneously for the values of 
e /2 and k 2 the special vertical scale is moved in relation 
to /2 values listed on the horizontal scale and read- 
ings of the pth curve are taken. At the same time, 



values of /i(e') are read at the corresponding e' 2 of 
the basic scale. Proceeding in this way, one finds 
readily the t' 2 eigenvalues. Having generated all the 
e' 2 (and k' z ) values for a given v and /, one next ad- 
vances to the next v for the same / and repeats the 
procedure. In this way, a series of relationships be- 
tween c' 2 vs v 2 for each / is developed. Again, by ap- 
peal to tables of Bessel functions, the approximate 
graphical results may be refined quickly. 

It is noteworthy that the values of e' 2 so obtained 
do not depend upon the constant 2 . However, to 
translate from ' 2 and k~ into 2 and e^ 2 , a value of a 2 , 
must be established. 

4. ADJUSTMENT OF a 2 

The form chosen for Equation 21 insures the agree- 
ment of the right and left sides at p 1. Clearly, 
therefore, a 2 may be related to a second point at which 
agreement between these functions is imposed. De- 
noting this point by pi, Equation 21 may be placed 
in the form 



(32) 



Thus, the adjustment problem has been reduced essen- 
tially to the problem of arriving at a prescription for 
the second cross-over point between the functions 
characterized in Equation 21. 

The procedure used in this study takes advantage 
of the fact that the case 5=0 can be solved exactly 
as well as by the approximation method. Therefore, 
this case was studied carefully in an effort to find how 
best to accomplish the adjustment of or for the small 
values which may be of interest in nuclear physics. 

Equations 23 and 24 indicate that as 5 > both 
the order, , and the argument, k, of the external 
radial function vanish. Since /i(0) = and /o(0) = 1 , 
it follows immediately from Equation 28 that 

To obtain a reasonable value for a 2 , the right side of 
this equation was equated to the function Ei(t w ) de- 
rived in Section 2. When solved for a 2 , Equation 33 
then becomes 

- 1) (34) 



Substituting into this for a range of values for c M , 2 and 
/ it became clear that the values of c*' 2 so obtained 
varied only slightly (in the range from 0.8 to 0.9). 
The final constant, 



2 = 0.82645 



for 







(35) 



was chosen as an appropriate one. This corresponds 
to a second cross-over point at. 



p = 1.1 = 1 +0.1 



for 



5 = 



(36) 



This choice was made not only because of its conveni- 
ence but also because it. works particularly well for 
small values of /-', the region for which Equation 33 
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Figure 4. Eigenvalues for & = 0.1 



Figure 6. Eigenvalues for 6 = 0.3 
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Figure 5. Eigenvalues for 6 = 0.2 



Figure 7. Eigenvalues for 5 = 0.4 
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is most sensitive to or. This region of c/- values is par- 
ticularly of interest in applications of these results to 
the study of particle binding energies and nuclear 
transitions. Accordingly, it would seem best to favor 
this region in an adjustment. For non-zero values of 6, 
the rule 

Pl = 1 + 5 + 0.1 (37) 

was chosen as the simplest result which goes over to 
Equation 36 for 5 = 0. This simple rule is admittedly 
somewhat arbitrary; however, since only a small cor- 
rection is involved here, it is difficult to see how Equa- 
tion 37 can lead to appreciable errors. Most certainly 
this procedure represents an improvement over the 
usual approximation of replacing p - by 1 which is 
equivalent to making the second point of agreement 
at infinity. Inserting Equation 37 into Equation 32 
leads immediately to the function ' 2 (5). Values of 
this function are given in Table 1. 

Table I. The Values of a 2 (5) 

] 0. 0.1 0.2 0.3 0.4 0.4 
a' 1 0.8264 0.6466 0.4744 0.3349 0.2214 0.1280 

5. RESULTS AND DISCUSSION 

The e' 2 vs i> and /, and k'~ vs v and / relationships 
arrived at by the procedure described in Section 3 may 
now be translated into c'- vs - relationships for com- 
parison with Fig. 3. These arc shown in Figs. 4, 5, 6, 
and 7 for 5 = 0.1, 0.2, 0.3 and 0.4, respectively. For 
case d = 0, the eigenvalues arrived al by the approxi- 
mate method rarely deviate by more than a line 
width from the curves shown in Fig. 3. It. must be 
remembered that the results for 5 ^ are exact for s 
states but are approximate for p, d, . . . f. By first- 
order perturbation theory the error of the energy 
eigenvalue in natural units mav be estimated to be 
A C > = /(/+!) 



2 - a- - (1 - a 2 ) exp (1 - //)] dp 

' (38) 



By virtue of the vanishing of the perturbation at 
p = 1 and p = 1 + 5 + 0.1, the factor in the bracket 
is less than 0.05 in the intermediate region, which is the 



region within which the external wave function is sig- 
nificantly large. Accordingly the error is expected to 
be less than ().05/(/ + I)/, where/ is the probability 
for the particle being found beyond p = 1. Since / 
is expected to be considerably less than 1 the error in 
?l r due to the method of approximation is expected to 
be considerably less than a unity. Quantitative esti- 
mates using numerical integration substantiate this 
statement. At the present stage of our knowledge of 
the nucleus the approximate eigenvalues given in 
Figs. 3 to 7 should be sufficiently accurate so that 
their further refinement at this time is unnecessary. 
Tf these approximate eigenvalues and eigenfunctions 
prove helpful in resolving nuclear problems it should 
not be difficult to refine them further. 

Tn conclusion it is important to note that the infinite 
spherical well eigenvalues provide a poor representa- 
tion of the finite spherical well eigenvalues in the range 
of interest in nuclear physics. When the boundary is 
made diffuse to a moderate degree the infinite spheri- 
cal well eigenvalues are hopelessly inaccurate. Even 
the finite square spherical well differ appreciably from 
the diffuse boundary eigenvalues, particularly in the 
region of small energies, which is the region of greatest 
interest in nuclear physics. Accordingly, one might 
expect that some of the well known difficulties of the 
IPM model based upon square well eigenvalues and 
eigenfunctions might be removed by the use of diffuse 
boundary eigenvalues and eigenfunctions. 
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The IPM Mass Surface* 



By Kiuck Lee and Alex E. S. Green,t Korea 



ABSTRACT 

An analytic expression is found which represents 
the sum of the energy eigenvalues for a finite spherical 
well rather accurately for the range of well radii, well 
depths, and occupancy numbers of interest in nuclear 
physics. Using this expression an analytic mass sur- 
face equation is derived which is quite similar to the 
semi-empirical equation. With reasonable choices 
based on scattering and other data of the two avail- 
able parameters in the TPM surface it is found that 
the volume energy is much too large and the sym- 
metry energy too small. 

The approximate eigenvalues for a spherical well 
with an exponentially diffuse boundary are then ap- 
plied to the study of the TPM mass surface. Again an 
analytical expression is found which represents the 
energy sums quite well for various degrees of diffuse- 
ness. The use of a diffuse boundary improves the mass 
surface obtainable from a strict IPM alleviating both 
the volume and symmetry energy difficulties. While 
some additional forces such as two body repulsive 
forces, exchange forces, velocity dependent forces or 
many body forces are still needed to derive a com- 
pletely satisfactory mass surface, the demands upon 
such forces are much less for the case of the diffuse 
boundary than the case of the sharp boundary. 

1. INTRODUCTION 

The purpose of this study is to determine the extent 
to which the strict independent particle model (TPM) 
can account for the experimental nuclear mass sur- 
face. A number of earlier attempts in this direction 
have been made before. 1 " 5 The effort here is made in 
the light of recent successes of the IPM and, of course, 
with the hope of carrying the work further ahead. 

To formulate the problem in a general way, it is 
assumed that the potential involves a range pa- 
rameter given by 

a = r AH = kl^fermis (1) 

(a fermi is 10~ 18 cm) where b is a dimensionless num- 
ber which probably lies between 1.0-1.5. The mass 
used in this work is taken to be the average mass of 
the neutron and proton 

m = Yt(M n + M p ) = 1008.288 mMU (2) 

* Supported by a grant from the US Atomic Energy Com- 
mission. Part of a dissertation to he submitted by Kiuck Lee in 
partial fulfillment of the requirements for the degree of Doctor 
of Philosophy at the Florida State University. 

f The Florida State University, Tallahassee, Florida. 



All energies shall be referred to the natural energy 
unit 

o = h z /2n,a* = r /ftM* (3) 

where 

Z/o = 22.2669 mMU (4) 

The potential shall also be characterized by the 
depth constant T and the dimensionless well strength 
parameter 

= (TVo) Ji = eo-4 w (5) 

where 



Thus the well depth constant may be expressed as 

For any type of well, allowed energy eigenvalues 
shall be characterized by a dimensionless parameter 
Q W nf defined by 

2 = If /F (8) 

where \V n i denote the actual energy eigenvalues. Since 
each energy state in a central field is (21 -f- l)-fold 
degenerate, according to the exclusion principle each 
state can admit 21 + 1 nucleons of the same charge 
and spin. Thus a large number of identical nucleons 
will go into the lowest energy states with 2/4-1 nu- 
cleons in each state. As the spin-orbit coupling energies 
tend to cancel in closed shell configurations one can 
for the purpose of initial studies and for convenience 
choose closed shell occupancy numbers in computing 
energy sums. The energy sum for A identical nucleons 
all in completed shells is 



where 



-f- (l\ f b*A*)2n.i(2l + lit'.i 2 (9) 

e',,r = e<r - ,/- (10) 

is the energy in natural units measured relative to 
the bottom of the well and is the counterpart of the 
classical kinetic energy of a particle in the well. The 
principal problem which remains is the determination 
of the eigenvalues c'ni 2 for various types of central 
fields. Hefore undertaking this problem let us first 
consider briefly the Fermi gas model calculation of 
the mass surface. 

2. THE FERMI GAS MODEL 

The usual Fermi gas model approximations are 
based upon the relationship 
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where 1' is the volume of the nucleus and k m is the 
maximum propagation constant identifiable with the 
states associated with a given spin and isotopic spin. 
From this equation it follows that the kinetic energy 
sum is given approximately by 6 

T(A) = (3 
where 



= 3.5080 



(12) 
(13) 



Tf we identify Equation 12 with the energy sum in 
Equation 9, the total energy sum may be written as 



7i(A) - -( 



The occupancy numbers for up-spin neutrons, down- 
spin neutrons, up-spin protons, and down-spin pro- 
tons shall be denoted by A,, A 2 , A 3 , and A 4 . For con- 
venience this study will be carried out for even-even 
nuclei such that 



Al A s = 

and 

A, = A 4 = 



= MU + 



+ 



(11) In almost all discussions of the nuclear mass surface 
the extreme range for 6 is taken as 1 to 1.5. Thus it is 
apparent that the symmetry energy obtained from the 
usual Fermi gas treatment is much too small. A second 
and more obvious defect is the absence of a surface 
energy which, as is well known, is essential to the 
theory of fission. 

Fecnberg and Hammack 8 ' 4 and Hill and Wheeler 6 
have called attention to the fact that the usual k 
space summation procedure for obtaining the total 
number of states with propagation constants less than 
k m neglects some rather large effects. When these 
effects are taken into account they find that 

where V, S, and L are the volume, surface, and charac- 
teristic length of the nucleus. On the basis of this 
expression it is found that 

r(A) = Z/ A w (Go + GiA~ w + GsA-* 4 )/^ 2 /!** (27) 

where 

^ = 4.2727 (28) 

2.2140 (29) 



(14) 



(15) 



- D/A) 



(16) 

Adding the energy sums given by Equation 14 for 
each of the four types of particles and expanding com- 
binations involving (1 D/A)* by the binomial the- 
orem, it follows that the net energy sum is approxi- 
mately given by 



+ (f/uGo/W^-Kl + 5D 2 /9-l 2 ) 

where terms of the order of D*/A 4 have been neglected* 
An approximate correction for the coulomb repul- 
sion of protons may be made by adding the energy 

7v = 3e 2 ZV5 r oi jH = UcZ*/bA* (18) 

where 

T r - 0.92779 mMU (19) 

Comparing the results with the well-known semi- 
empirical equation one may identify 

a, = r /6-W - Go/4*) (20) 

02 = (21) 

03 = i' f /b (22) 

r V96 2 4 ?i ' (23) 



and 



From these one may obtain the ratio 

04/0,1 = 2UG Q U Q /4*')i' c b = 74.248/6 (24) 

According to studies of the semi-empirical equation 
this ratio is the primary factor which determines the 
theoretical line of beta stability. If this theoretical 
line is to match the experimental line the ratio cannot 
deviate appreciably from the value 

tf4/a a = 133 (25) 



The last constant was obtained by Feenbcrg and Ham- 
mack by a rather involved adjustment procedure. If 
one pursues this function it. is found that the total 
nuclear energy now may be written in the form 



H- (Uvfa/b^A* + UJP/bA* + 

+ 8 C i/4**9 A *]D*/4A (30) 

The occurrence of a surface energy and a length energy 
are the outstanding features obtained from this more 
careful treatment of the Fermi gas model. While 
Equation 30 is not strictly in the form of the usual 
semi-empirical expression it might for qualitative 
comparisons be compared with the usual form by 
rearranging it into the form 



(31) 

(32) 



VJP/bA* 



Replacing the A ^ value in the brackets by 
A-* - (13C)) W 



one may now set 

ai - (22.2669/6 8 )(<?o a - 1.3922) (33) 

as = 69.666/6 2 (34) 

a 3 = 0.92779/6 (35) 

a 4 = 79.4031/6- (36) 

The ratio 04/03 is now 

a 4 /a a = 85.5830/6 (37) 

This represents an improvement upon the previous 
value; however, it is an insufficient one for the pur- 
poses of accounting for the line of beta stability. 
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Furthermore the surface energy is much too large. 
It has been remarked that this excessive surface 
energy is related to the use of the eigenvalue for an 
infinite box in the Fermi gas treatment and the effect 
would be considerably reduced when finite well 
eigenvalues are used. It is in connection with the cal- 
culation of the effect of the finiteness of the well that 
this work begins its main departures from the work 
of F'eenberg and Hammack. 

3. THE FINITENESS CORRECTION 

Rather than attempt to modify the Fermi gas 
model calculational procedure with its long chain of 
approximations it appears best to go directly to the 
set of eigenvalues calculated for a finite square well. 
These have been calculated by Green and Lee (in 
P/950, the preceding paper in this volume) for the 
complete range of well parameters of interest in nu- 
clear physics (see Fig. 3 of P/950). 

The results of the Fermi gas treatment suggest that 
the sum of the energies of A particles in the lowest 
states permitted by the exclusion principle is propor- 
tional to A**. Thus, it. might be expected that the 
actual energy sums involved in Equation 9 when 
divided by A* 4 would yield a slowly varying function 
whose properties might be uncovered by empirical 
analysis. Accordingly, the sum function 

was computed for various values of c and A. After 
some experimentation it was found possible to repre- 
sent these sums quite well by the analytical expression 

6' (A, co) = 6'o + GiA~~ w fceo" 1 (39) 

where an adjustment procedure which favored the 
range to = 512 led to the constants 

(; = 3.60 6', = 5.00 k = 10.00 (40) 

Rounded constants were chosen to simplify the com- 
putation at a slight, but not significant, sacrifice of 
accuracy. The goodness of the fit achieved will be dis- 
cussed in Section 4. Using Equations 39, 38, and 9 
and adding the nuclear energy sums for the four spin- 
isobaric spin states it follows that the total nuclear 
energy of an even-even nucleus is given by 



(41) 

The correction for the coulomb interaction between 
protons here presents certain difficulties. In the first 
place the repulsion between protons might be ex- 
pected to raise the effective potential for protons. The 
direct effect of this raising of the potential acts 
through the r n in the first of the two terms in Equation 
9 and gives rise to the basic coulomb energy. However, 
this raising of the depth of the well also acts indirectly 
through the third term in Equation 39 and thereby 
gives rise to a smaller coulombic contribution. A third 
contribution arises by virtue of the "spilling out" of 



the nucleons outside the well radius constant 0. The 
recent argument of Teller and Johnson 7 suggests that 
the neutron and proton distribution "tail off" some- 
what differently. Furthermore by virtue of the cou- 
lomb interaction one might expect to have an addi- 
tional exchange energy between protons over and 
above that embodied in the phenomenological nuclear 
potential. Since these last two effects cannot readily be 
handled simply by using a modified square well for the 
protons it appears best to proceed tentatively simply 
by using for the coulomb energy 



E c 



(42) 



where b p is the dimensionless radius constant which 
characterizes the proton distribution. One might ex- 
pect from recent /A-mcsonic X-ray studies 8 as well as 
the analysis of the semi-empirical equation 9 that 
b p ~ 1.2. Adding the coulomb energy given by Equa- 
tion 42 to the nuclear energy given by Equation 41 
one obtains an expression which, apart from the sec- 
ond and small term in the bracket of Equation 41, is 
identical with the well-known semi-empirical equa- 
tion. It is sufficient for the purposes of comparing 
Equation 41 with the results of recent studies of the 
semi-empirical mass surface to replace A^ in the 
bracket by (130)^. Inserting numerical constants one 
obtains the semi-empirical constants 



, = 



o 2 - 1.42866] 



0- 
= 0.92779/0, 



[3.1498 - 3.96850,/Vol 



0- 



(43) 

(44) 
(45) 
(46) 



in terms of the parameters , 0, and b c . Considerable 
light has been shed upon the constant t'o by studies of 
neutron cross sections. It is well known in the study 
of potential elastic scattering by a square well that 
peaks in the zero velocity limit cross section asso- 
ciated with s waves occur whenever 

where n is an integer. The recent interpretative work 
of Adair, 10 Feshbach, Porter, 11 and Weisskopf as well 
as the earlier work of Ford and Bohm 12 suggests that 
maxima observed by Barschall 18 in the low velocity 
limit of the total neutron cross sections at A 11, 55, 
and 150 may be identified with the second, third, and 
fourth s-wave maxima. Letting to = e n A** it follows 
that 

e 2.08 (48) 

will account for the location of these maxima. In- 
serting this value into F^quations 43, 44, 46 and letting 
b c 1.2 one obtains 



G! = 44.81 
<i 2 = 19.20 



(49) 
(50) 



116 



VOL II 



P/951 



REPUBLIC OF KOREA 



K. LEE and A. E. S. GREEN 



BO TOtO 80 30 



3.5 - 




Figure 1. The D function obtained from the eigenvalues against A for 
to - 25, 50, 100, 150 and 200 and 0.1, 0.2, 0.3 and 0.4 



a 3 = 0.773 
<U = 44.70 



(51) 
(52) 



From the standpoint of work with the semi-empirical 
equation the surface and the coulomb terms are now 
in a satisfactory range of magnitudes. However the 
volume energy constant is rather large and the sym- 
metry energy constant is rather small. 

To eliminate these difficulties we might attempt to: 
(a) modify the square well by adding a tail or diffused 
boundary or by shaping the core of the potential; (6) 
introduce an exchange force or correlation energy or 
many body force. It was decided first to attempt to 
exhaust the possibilities connected with modification 
of the first potential well. 

4. THE DIFFUSENESS CORRECTION 

In this section the eigenvalues for a square well with 
an exponential tail are used for the computation of 




'A-''> 



Figure 2. The analytic G functions against A for to = 25. 50, 100, 150 
and 200 and 8 = 0.1, 0.2, 0.3 and 0.4 

energy sums. These eigenvalues have been calculated 
(see Figs. 4, 5, 6 of P/950). 

Using these eigenvalues the energy sums were com- 
puted for various combinations of A, o and 5. It was 
found possible to represent the G functions corre- 
sponding to these sums by the approximate separated 
expressions 

6XA,e ,) = 3.60 + 5.0A ^ - 10.0/ - (2.55)* (53) 

To indicate the nature of the agreement attained 
Fig. 1 represents the 6' functions obtained from the 
eigenvalues as a function of A for various combina- 
tions of to and 6. Figure 2 represents the analytic G 
functions for these energy sums. A careful comparison 
of these figures should indicate that Equation 53 is a 
good starting point for a study in which the effect of 
the diffuse boundary is considered. It might be men- 
tioned that Equation 53 fails to satisfy one require- 
ment; namely, that as e *> the effect of the tail 
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must also vanish. This shortcoming may be elimi- 
nated by multiplying the last term in Equation S3 by 



G n = 3.60 + 5.0A - ?:l - lO.O/co - (2.56) ^W^) 11 

(54) 

where , is a central value such as 10 and u is a large 
number such as 12. The resulting expression would 
then satisfy the desired requirement yet do just about 
as well in the region of interest. However, for sim- 
plicity, Equation 53 shall be used since it works well 
in the range of c from 2-15 which is the region of well 
strength parameters of interest in nuclear physics. 

Before developing the mass surface based upon 
Equation 53, the G function which would be appli- 
cable to the proton sums must be considered. The addi- 
tion of the coulomb potential energy for each proton 
to the nuclear potential energy for each proton might 
be approximately regarded as creating an effective 
potential of slightly altered F , a and 6 parameters. 
Unfortunately, to arrive at the effective individual 
particle potential for each proton one must first make 
a reasonable assumption as to the resulting proton dis- 
tribution. Thus in effect one must solve a complete 
self -consistent field problem for the nucleus. Since, 
however, here the coulomb potential energy is rela- 
tively small and rather insensitive to the line details 
of the charge distribution one might proceed on the 
basis of almost any reasonable distribution of protons 
in arriving at an appropriate potential energy for a 
single proton. 

The basis for finding the coulomb potential energy 
for a single proton is to let 
z 

-r- = ' (55) 



where the prime denotes the omission of the self 
energy terms. Thus the coulomb potential for the M\ 
particle should be a central field which approximates 

'A* (56) 

Accordingly, the appropriate individual particle cou- 
lomb potential energy is one-half the interaction 
energy of a single charge with all the other charges in 
the nucleus. If the single charge is regarded as small 
compared to (Z l)e one may simply use one-half 
the potential energy of a small test charge in the field 
of a reasonable charge distribution. For example, if 
one assumes a proton distribution in which the proton 
density has the form 

, = PC r < a 

p( r ) = P tf <-D/6 r > a 

the coulomb potential energy function for a single 
proton is 

Vc(r) = [(Z - 1> 2 (H + 6 + 5 2 - r 2 /6a 2 ]/ 

4- 5 + 26 2 + 26 3 ] r < a 



2r 



1 - 



25 2 
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(58) 



25 3 J 
r > a 



To utilize the results for the neutron case the net 
potential for protons may be assumed to have the 
form 

I'M = (i- 2 )Fo r<a 

(59) 



where gi, # 2 and 5' are constants. These constants can 
be determined by setting 



+ 6 + 25 2 + 25' r-dr 



') I 

l' a 

= ^*(gi #2) FO / ' ~ < 

Jo 
and by forcing the right and left sides of 



2r 



r o 

~*' - ,)!' (01) 



to agree at two reasonable values of r. For example, by 
matching the external potentials at r a + da and 
r = a + 25a and solving these three equations simul- 
taneously one obtains 



= *iV(*> - 2*0 



1 - gi 

and 

where 



and 



(62) 



(63) 



21X1 + 



+ 5 + 25- + 



(65) 



- 5 2 <- 2 (l + 46)]/ 
2Fci(l + 25)(H + 6 + 25- f 25 3 ) (66) 

In Fig. 3, the coulomb potential energy given by 
Kquation 58 for a typical nucleus (A = 130, Z = 50) 
the nuclear potential energy corresponding to FO = 40 
mMU, b = 1.2, and 6 = 0.2, and the sum of these 
energies for a typical nucleus are shown. In this case, 
Equations 62 and 63 give 



= 0.953, 



0.056, and 5' = 0.197 (67) 



Also shown is the effective protonic potential energy 
given by Equation 59 for these constants. 

It is noteworthy that the effective protonic potential 
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Figure 3. The effective proton potential V P a for A = 130, Z = 50, 
Vo - 40, b - 1.2 and 5 - 0.2 

differs from the effective neutron potential not only by 
the raising of the level of the inner and outer regions 
but also by reduction in the extension of the diffuse 
region for protons. 
Using the relations 



6' = 5 - A6 - (1 - 
one may now write 



(68) 
(69) 



10.0 



Combining the neutron and proton sums and re- 
arranging, the TPM mass surface becomes 

., 3.6 - (2.56) ^ 

4 ir 

J5 _ 10 

4** 4*Vii 

4 l " X 10 



2 | 
' 4/1 

3c 2 /(/ - 1) 

5fv1* 

2 + 56 
2 + 65 + 126 2 + 125 



') 



X 



For a qualitative comparison with the known semi- 
empirical surface one may use .1 = 130 and Z = 50 
in the brackets. The average semi-empirical constants 
then are 

dl = ^ [ <? - 1.42866 + 0.627485-*] (72) 
a* = -^ [3.14980 - 3.96851 /*] (73) 



= 0.92779 [" 5 + 75 2 + 125^_ 

"b [ 2 + 6dT+ 1 25 2 + 1 25 3 



34035 



0.27698^ '// 1 A 1.34C 

~~ I I ~ | '. ~~~ i I 

b \.\. \s i "~ j? ) '" / ^'o 

- 0.53679 ^? 



Cl4 



(74) 



- '; 13.72752 - 1.394405'" - 1.74088 * ] (75) 



*o can be determined by identifying the observed 
maxima of the total low-velocity limit neutron cross 
sections at A 11, 55 and 150 with the second, third 
and fourth s-wave maxima for diffuse potential well. 
The critical to values for the Is, 2.v, 3.v and 4s states as 
obtained from the eigenvalue calculations in paper 
P/950 are shown in Fig. 4. For each of these e the 
corresponding 6' = co/--l Ml were calculated and the 
average of the 2s, 3s and 4s en's for each 5 were deter- 
mined. The function t'o(6) so obtained is shown in 
Fig. 5. It is clear that to a good approximation the 
location of the scattering maxima imposes the relation 



= 2.08 - 26 



(76) 



One might also expect that as the diffuseness para- 
meter 6 grows larger the constant b necessary to account 
for various experimental radius constant determina- 
tions, such as the ju-mesonic X-ray radius constant, the 
nuclear masses coulomb radius constant, various 
nuclear scattering radius constants, etc., will grow 
smaller. As an exploratory approximation one might 
make the identification 

b + db = b' or /; = 6*/(l + 6) (77) 
where b* is an experimental radius constant. By virtue 




Figure 4. (At left) The critical c f) values for the 1, 2c, 3* and 4$ states 
obtained from the eigenvalues. Figure 5. (At right) The values of to(5) 
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of these relations Equations 72, 73, 74 and 75 can be 
expressed only in terms of the constants b* and 6 

ai = ^ (1 + 6) 2 [2.89774 + 0.627486^ - 8.326 

+ 46 2 ] (78) 

a 2 = ^9 (l + 6) 2 [3.14980 - 1. 98426/0 . 04 - 6)] (79) 
0.92779 



b' 



.v [ 1 _ 6 + 76 2 + 126 8 
} I 2(1 + 36 + 65 2 + 65* 

' 



< /4 = _ (l + 6) 2 [3.72752 - 1.394405* 

- 0.87044/0.04 - 6)] (81) 

where gi and #2 are functions of 6 as given by Equa- 
tions 62, 63, 65 and 66. The numerical values are the 
semi-empirical parameters as well as various func- 
tions of 6 for b* = 1.0, 1.2 and 1.4. 

On the basis of studies of the semi-empirical equal ion 
it would appear that none of the combinations shown 
in Table 1 of the preceding paper are completely 
satisfactory. 

5. THE HOLLOWNESS CORRECTION 

In this section the effects of adding to the internal 
potential a repulsive potential given by 

\22 

*y* - 1) (82) 



is considered. The solution of the eigenvalue equation 
for the resulting combination of potentials can be 
solved by the techniques used in GLI. However rather 
than carry out the problem numerically, one might for 
the sake of orientation make use of the effect of an r" 2 
core upon the harmonic oscillator solutions. Since this 
potential is only influential near r = where the 
harmonic oscillator potential resembles the square 
well, one might be guided by the analytical expression 
for the energy shift for this case. It is not difficult to 
show that this energy shift is given by 



W 



[yrf -'J 



(83) 



when X 2 <<C (/ + ^2)- These shifts might be applied to 
the square well diffuse boundary problem providing 
(hw c /Eo) for a given / and v is identified on the basis of 
the unperturbed eigenvalues obtained from the diffuse 
boundary well. The sums of the energy shifts (apart 
from the factor A'oX 2 ) may then be carried out directly 
for various values of c ( , 2 for 6 = 0.2. The additional G 
functions associated with these sums was found to be 
fairly well represented by 



This implies an additional energy sum for each type of 
particle of the form 

Ignoring the difference between the proton and neu- 
tron well strength parameter and letting c = e A^ 
the additional energy associated with the hollowness 
correction may be written as 



(86) 



Since the entire expression is based upon X 2 J^ the 
approximate effect of the hollowness correction may 
be estimated by letting X 2 0.2, c 1-68 and 
6* 1.2. The correction may be viewed as equivalent 
to the addition of a small approximately constant 
energy (14.2 mMU) plus a symmetry corresponding 
to a change in a 4 of about 

Aa 4 = -0.046 (87) 

Accordingly, small degrees of hollowness change only 
slightly the symmetry energy and in the wrong direc- 
tion. An attractive r~ 2 core would tend to increase the 
symmetry energy, however, since Equation 86 is only 
applicable when X 2 ]^ this effect would be insuffi- 
cient to remove the difficulty. 

6. DISCUSSION 

Our studies indicate that one can derive a variety of 
combinations of semi-empirical parameters by the use 
of a diffuse boundary IPM model. Among these are 
cases (b x = 1.0, 6 = 0.3 and 0.4) in which the sym- 
metry energy may be sufficiently large to account for 
the line of beta stability. On the other hand the 
volume energy comes out loo large in all cases. This 
latter difficulty, of course, is an intrinsic limitation 
which one can scarcely hope to eliminate with the 
strict 1PM model since experiment has indicated that 
for light and medium weight the binding energy of the 
last particle frequently is greater than the average 
binding energy of all the particles. It is rather interest- 
ing to note that the energy 



where 



E = -E/-/.-I 

Z + 2A 



(88) 



T 



2.83X(e ) w /A 



(84) 



which is associated with antisymmetric pairs in the 
Wigner model has the desirable property of reinforc- 
ing the symmetry energy and counteracting the 
volume energy. In view of the complexity and close 
proximity of the TPM levels in the diffuse boundary 
case one might well expect that a model which is 
intermediate between the strict IPM and the Uniform 
model would furnish a good description of the nucleus. 
Alternatively one might look to two body forces 
which turn repulsive at short ranges, to velocity 
dependent forces, or to many body forces to provide 
the residual energy needed to derive a successful mass 
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O 16 (n,a)C 13 Cross-Section for Neutrons 
in the Energy Range 3.6-4.2 Mev 



By P. Huber* and J. Seitz,t Switzerland 

Only one value is known for the cross section 
for O 1 "(,) at the present time, 1 namely the value 
<7 = 310 nib for a neutron energy of 14.1 Mev. The 
cross section for this reaction has a practical signifi- 
cance, aside from its interest from the point of view of 
nuclear theory, in relation to the use of water as a 
neutron moderator. According to Troyer and Tav- 
ernicr, 2 neutron source-strength determinations for 
Ra-Be sources lead to different values depending on 
the use of water or paraffin as a moderating substance. 
This discrepancy is attributed to the absorption of 
fast neutrons in water by means of the O lfl (w,a)C la 
reaction. 

NEUTRON SOURCE AND NEUTRON FLUX 

We have used a d-d neutron source with a heavy ice 
target. The arccleration of the deuterons is accom- 
plished by use of a 1 Mev cascade generator. 3 

The (,/>) scattering cross section has been used to 
determine the neutron ilux. In the energy range of 
interest, this cross section is known to an accuracy of 
approximately 3%. For this purpose, the hydrogen re 

* Physikalisehe Anstalt dcr Univorsitiit, Hasol. 
t i Fa. K. Haefcly & Cie. A.-G., Basel. 




Figure 1. Section through H ..-recoil chamber: (1) direction of incident 
neutrons, (2) high-voltage electrode, (3) polyethylene layer, (4) polo- 
nium source for calibration purposes, (5) glass insulators, (6) grid, (7) 
collector electrode, (8) lead through to preamplifier, (9) high-voltage 
lead through, (10) steatite insulator, (11) lead gasket 



coil ionization chamber pictured in Fig. 1 has been 
employed. The chamber is equipped with a thick 
polyethylene radiator, the thickness being greater than 
the maximum range of the recoil protons. For a known 
range-energy relation for protons in polyethylene, the 
pulse-height distribution can be computed. 4 One then 
obtains a pulse-height distribution of the form 

W(K) - const. (R/R n Y>[\ - (K 'R n )^\ 

where R n is the neutron energy, and \V(K) dR is the 
number of recoil particles having an energy between 
R and E + dR. 

The energy distribution of the recoil protons re- 
corded with a 19-channel impulse spectrograph agrees 
well with this expression for neutrons observed in the 
forward direction (0 degrees) when a null-effect cor- 
rection is made (Fig. 2). With increasing angle of 
emission the correspondence with theory becomes 
poorer on account of the increasing background of 
scattered neutrons. Agreement with theory can be ob- 
tained when correction is made for the contribution of 
the scattered neutrons (see Fig. 3). 



Counts per channel 




10 ISChannel 

Figure 2. Recoil pulse spectrum due to forward neutrons, (E n = 3.65 
Mev): histogram, experimental curve; smooth curve, theoretical curve 
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Figure 3. Recoil pulse spectrum for 105 neutrons (f n = 2.38 Mev): 
punctuated curve (histogram), experimental result; smooth curve, cor- 
rected for scattered neutrons 

For the interpretation of the pulse spectra, the 
recorded and corrected spectrum is fitted with a theo- 
retical curve which is then extrapolated to zero recoil 
energy. The area under the resulting curve corresponds 
to the total number N of recorded pulses per unit 
time. N divided by the neutron flux v is the efficiency 
of the chamber, for which we shall use the symbol MK- 
This can be computed to be 



W(E) dE 



where n* = number of molecules of a gas per cm 3 at 
NTP; F = area of radiator (cm 2 ); R* = range of 
a proton of energy E n in ethylene at NTP; and 
<r,(E n ) = cross section for (,/>) scattering (cm 2 ). 

From this expression the neutron flux can be deter- 
mined for known tr, since all other quantities are 
known. 

Because of the large dimensions of the recoil cham- 
ber, it was used for an absolute calibration of a 
Hornyak counter. This counter was then employed in 
the cross-section determination. 

CROSS SECTION FOR THE REACTION O 16 (n,a)C 13 

The reaction was observed in an ionization chamber 
filled with oxygen to a pressure of 2886 5 mm Hg. 
The pulses attributed to the disintegration alpha 
particles and the C 13 recoils were amplified and dis- 
played on the 19-channel pulse-height analyser. The 
neutron flux was determined by use of the calibrated 
Hornyak counter. A pulse-height distribution is shown 
in Fig. 4. The total number of alpha pulses in the pulse 
spectrum and the number of neutrons recorded with 
the Hornyak counter determine the reaction cross sec- 
tion. The variation of the total cross section with 
neutron energy is shown on Fig. 5. The statistical un- 
certainty of each point and the width of the neutron 
spectrum are indicated. 

The variation of the cross section with energy ob- 
served here corresponds closely to what one would 
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Figure 4. Pulse height distribution for the O'"(n ( )C 13 reaction at 
E n = 4.1 1 Mev 

expect from the variation of the penetrability of the 
Coulomb barrier for the alpha particle. The dashed 
curve indicates the variation of penetrability with 
energy for / = alpha particles calculated for a 
nuclear radius of 4.02 X 10~ 18 cm. The computed 
and experimental curves agree quite well. Two 
resonances are observed, namely at E n = 3.90 Mev 
and E n = 4.05 Mev. These correspond to excited 




Figure 5. Cross section for O lc (n,)C 13 ; smooth curve, result of measure- 
ment; punctuated curve, penetrability of alpha-particle through 
Coulomb barrier 
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Figure 6. (a) Energy spectrum of Ra-Be neutrons (Racey ef al. b )i (b) 
cross section for O l (n,a)C 13 . Smooth curve, our measurement; punctu- 
ated curve, arbitrary extrapolation; o, denotes Lillie's measurement 

states of O 17 at 7.81 0.02 and 7.95 0.02 Mev 
above the ground stale. 

H 2 O AS MODERATOR FOR RA-BE NEUTRONS 

We have mentioned that source strength determina- 
tions made with water and paraffin lead to different 
results, that is, for H 2 O moderators a source strength 
2.5 0.3% smaller is determined than for paraffin 
moderators. 2 This is attributed to the O 16 (w,a)C 13 reac- 



tion. For a known energy spectrum of Ra-Be neutrons 
and known O 16 (w,)C 13 cross section for the entire en- 
ergy region, the loss of fast neutrons due to this reaction 
could be computed. Since <r a values are known only for 
neutron energies up to 4.2 Mev, we have attempted a 
calculation of the loss under the following assump- 
tions: (a) neutron spectrum has the form given by 
Racey et al. b (Fig. 6a) ; (b) cross section for O 16 (w,a)C 18 
has the form shown on Fig. 6b; (c) scattering cross 
section for oxygen according to reference 6; (d) scatter- 
ing cross section for hydrogen according to reference 7. 
In the computation, we have employed the concept 
of "resonance escape probability," as defined by 
Glasstone and Edlund. 8 We then obtain for the pro- 
portion of the total number of neutrons captured by 
oxygen 3%. For the assumed neutron spectrum, this 
proportion is not strongly dependent on the type of 
extrapolation of the O 16 (,a)C 18 reaction cross section 
(extrapolation shown in Fig. 6b). 
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Determination of Neutron Spectra with Nuclear Plates and Its 
Application to the Measurement of the Be 8 Excitation Levels 

By Emma Perez Ferreira and Pedro J. Waloschek,* Argentina 



I. EXPERIMENTAL TECHNIQUE 
Introduction 

Powell 1 culled attention to the possibility of using 
nuclear plates for the determination of fast neutron 
spectra. Gibson and Livesey 2 subsequently developed 
a method for such determinations, which was followed 
by most of the later workers. Richards 3 also suggested 
a similar method which, while it was easier for experi- 
mental purposes, has the disadvantage of a low spec- 
tral resolution. A method used at the Los Angeles 
laboratory (California), and described in detail by 
Allred and Armstrong, 4 shows a similar disadvantage. 
Rosen r ' compiled over 60 references to publications 
on the subject. 

Generally speaking, those methods entail the meas- 
urement of the angle of emergence and of the energy 
Kp of the recoil protons produced by impacts with the 
H nuclei of the emulsion of a plate so placed as to be 
grazed by the neutron beam (Fig. 1). These data serve 
as the starting point for computing the number of 
incident neutrons .V and their energy K n by means of 
equations: 



(1) 



K,, ~ /: cos- 



(2) 



In which dP is the number of protons emitted by the 
neutrons in the energy interval AA', into the element 
of solid angle dil. V is the volume and .1 the H content 
of the emulsion. <r(Jt) is the neutron-proton scattering 
cross section. 

Gibson and Livesey compute K n by means of Equa- 
tion 2, using, for each proton, its angle with the 
direction of incidence of the neutron beam; on the 
other hand, Richards, Allred and Armstrong measure 
only those tracks whose angle is so small that it may 
be assumed that the proton carries practically all the 
energy of the neutron which produced it, i.e., K n = t\ p , 
except for a correction factor obtained by averaging 
cos 2 6 over the whole of the solid angle containing t he- 
tracks. While this last method affords a great saving 
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of lime and work, since all the angular measurements 
are eliminated and the computations are simplified, 
its low resolving power makes the Gibson and Livesey 
method preferable. 

Any high resolution method implies the computa- 
tion of the energy of several thousands of protons, 
based on the microscopic measurement of one length 
and two angles for each of them. This means that in 
the measurement work it is important to apply cri- 
teria of selection which are sufficiently strict so as to 
avoid waste of time on proton tracks that would later 
be discarded for not being in the energy range in which 
it is intended to work, and also to simplify the compu- 
tation of the energies and corrections using nomo- 
grams and tables in case electronic machines are 
unavailable. 

This work was undertaken with that purpose in 
mind. Essentially the Gibson and Livesey method is 
followed, but the selection criteria are basically modi- 
fied in order to obtain the greatest possible efficiency 
in the energy range for which information is sought, 
and to make a simple function available for the 
computation of the corrections for the efficiency of the 
method and for the emergence of tracks from the 
emulsion. 

Selection of Tracks 

The proton tracks to be measured arc selected so 
that their projection along the direction of neutron 
incidence (x) is greater than a constant RQ, and that 
the angle with that same direction 0, is less than 45 
degrees. This last criterion is applied, in part, during 
microscopic examination, and is completed after the 
computations have been made. Thus a fraction of the 
protons is selected, the energy of which is greater than 
Ko = (R /a) l/h , where a and b are constants of the 
emulsion. 

Measurement 

Measurements for each proton selected (Fig. 2) in- 
clude: the angle a formed by the projection of the 
track on the plane of the plate with the direction x\ the 
angle <p formed by the track and the plane of the plate; 
and the length L, of the projection of the track on the 
plane of the plate. 

In order that the deviation of the track from its 
original direction, produced by scattering, distortion. 
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Figure 1 

etc., should not affect, the measurement, the angle a 
will be taken to be the one formed by the direction .v 
and the tangent at the origin of the direction of the 
track. The angle <p is measured by taking the difference 
in depth (Az) between the origin of the track and a 
point 100 divisions away from it on the optical scale. 
The determination and recording of the data are 
carried out at a rate of about 10 protons per hour per 
person, using a binocular microscope (Ortholux) with 
a 100X immersion objective lens and a 10 X eyepiece. 
(With this combination, the scale calibration gave: 
100 divisions = 111 microns.) L is measured on the 
optical scale, following the track. 

Computation of the Energy 

The energy K n of the neutron responsible for each 
recoil is derived from these data by applying formulae: 




Figure 2 

From Equations 2, 3 and 4, one can write: 



L 



("OS* 



(5) 



j<:,, = K H cos 2 e 

K = a EJ 
cos = cos (x cos < 



(2) 
(3) 
(4) 



where R is the range of the proton and R p itsjenergy. 



The terms cos 2lrH v? and cos- 6 a are derived from Az 
and a (in degrees) by means of a nomogram which 
also gives the value of (Fig. 3). This nomogram 
should be constructed especially for each plate, since 
the individual shrinkage factor modifies the scale on 
which Az actually is measured. 

For subsequent use of the data, and for checking 
purposes, a tabulation of the values for cos 21 *- 1 ^?, 
cos 2 * ct and is convenient. 

The values for K are taken from a chart, or even 
better, from the 0.1 Mev tables of the US AEC 
(1953) corresponding to thcLaltes ct al. data of 1Q47. 6 




25- -.712 



30- 



40- 



45 



cos 



-.608 



35- .502 




COS* 



.986 
.909 

.810- . 



.697- 



.584- . 25 



.477- 



.386- -35 



.400 



.302 



.310 



.245- -45 



.215- 



Flgore 3 



k.7g + 



10 
15 

20 



30 



-40 



48 



126 



VOL. II 



P/1076 



ARGENTINA E. P. FERREIRA and P. J. WALOSCHEK 



Evaluation of the Spectrum 

Construct, with the E values obtained, an histo- 
gram P(E n ), in which the interval AE is to be taken as 
small as possible, which, in this case, according to the 
resolution of the method, could be 0.1 Mev. In passing 
from the histogram to the curve P(E n ) it is convenient, 
in order to avoid dispersion of the data, to increase the 
interval, for instance to 3A/D. 

In order to compensate for the consequent decrease 
in the number of points used for charting, it is con- 
venient, instead of using the successive increased 
intervals, lo have them partially overlap, in such a 
way as again to have data for each AE. The curve will 
be drawn through the points obtained by averaging 
the three possible ordinates which, in this case, will 
belong to each A/ y J interval; this is the equivalent of a 
weighted average between the values for the interval 
in question and those adjacent to it. 

In effect, the graphical method used yields: 



+ 



+ 



where P(^Ei) is the ordinate corresponding to the in- 
creased interval which includes the simple intervals 
A^-!, A/t'i and A# t> i. 

The resulting curve coincides, within less than 10 ~ 3 , 
with the one obtained by the usual method of poly- 
nomial approximation, in this case, of the second 
degree. 

The errors of curve P(E) also are easily obtained by 
joining the maximal and minimal values of consecu- 
tive intervals, as may be seen on Fig. 4. 

The obtained P(E) values are tabulated with 
0.1 Mev intervals in order that the relevant correc- 
tions might be applied in passing from the proton to 
the neutron spectrum N(E). 

Corrections 

The P(E) curve, above, represents the neutron 
spectrum N(E), multiplied by the (n,p) scattering 




cross section <*(), and a factor due to track suppres- 
sion according to the selection criteria used, A(E), and 
to emulsion emergence, B(E) and C(E): 

Pj(jS) = V A N(K) <r(E) 



-A(E) - 



(6) 



where E is such that 

ft ^" I}/ I/\ 

/VQ ^ K.\/^) 

and 

where E is such that: 



cos 26+1 45 degrees 

-C(E)] (7) 



ros 26 * 1 45 degrees 

in which V is the revised volume of the emulsion, A 
the number of H atoms per cm 3 of emulsion, and 



A(E) 






- cos 2 0(E) 



(8) 



0.1656 
A 



R(E) 



(9) 
(10) 



All these corrections are applicable provided that 
(See Appendix) : 

h > 0.303#(E) 

The integral given in Equation 9 was computed 
numerically and plotted with enough accuracy to ob- 
tain its values as a function of R /R(E) through 



cos 26 ** 1 6(E) 



R(E) 



(H) 



shown in the same graph (Fig. 5). The data obtained 
appear on Table I, together with the values for: 



- A (E) = sin 2 0(E) 



(12) 
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The total correction for selection and escape, for 
each energy interval in which Equation 6 holds good, 
is obtained, for a given RQ and h, by computing first 
the corresponding Ro/R(E), and then applying the 
values of Table I to Equation 6. We obtained the 
values appearing in Fig. 6 for R = 111 microns and 
h = 400 microns. A tabulation in function of R n /R(E) 
when Equation 7 should be applied was not deemed 
necessary, due to the simplicity of the relationship it 
expresses. Figure 6 also includes the resulting values of 
the aforementioned R Q and h in this energy interval. 



II. DETERMINATION OF THE NEUTRON SPECTRUM 
FOR THE Li (<*,;*) Be REACTION 

Li(d,w)Be Reaction Neutrons 

The bombardment of lithium with deuterium in the 
accelerator is one of the methods most used for obtain- 
ing neutrons over a spectrum extending up to 15 Mev. 
Richards 8 determined the energy of these neutrons in 
1941, and Green and Gibson 4 improved the measure- 
ment in 1949; the spectrum produced by Li 6 and by 
Li 7 also was observed. Trumpy et a/. 9 measured, in 
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Figure 6 

the spectrum obtained with seven different 
angles relative to the direction of the deuterons, thus 
also obtaining the angular distribution. The energy 
values obtained for the peaks of the spectrum by the 
different authors (excepting Richards, whose resolu- 
tion was poor) arc in substantial agreement and give 
good information on the Bc H and Be 7 excitation levels. 
However, the intensity of the peaks found shows differ- 
ences due to several factors, particularly to the de- 
pendence on the geometry of the Li target and the 
criteria on selection of tracks used. 

Exposure and Development of the Plates 

Plates were exposed about the Li target of the 
C.N.K.A. cascade accelerator (Buenos Aires), in the 
positions shown in Fig. 7, between 150 and +150 
degrees, for 12.9 /xa-hr and at 900 kv. The distance 
from the source was 22 cm. 

Ilford G5, 2X3 in., 400 micron plates were used; 
development was carried by the Dainton et a/. 10 
(1951; Bristol) hot-plate method. About nine days of 
processing are required before a plate ready for 
microscopy is obtained. 

Notwithstanding the G5 plate sensitivity to elec- 
trons, the background produced by the exposure was 
not excessive, and, on the other hand, one had the 
advantage of good proton track visibility ("black" 
tracks). Previous trial exposures at and 90 degrees 
had been made, from which the plates used for an- 
other determination of the spectrum of the same reac- 
tion were obtained, using a graphical method (1953). ll 

Leitz 24:1, 53:1 and 100:1 special nuclear plate 
objective lens sets were used for the measurements, 
particularly the latter, and 10 X eyepiece pairs, one 
with a scale, and the other with a grid. 

Spectra at and 90 Degrees 

Among the plates exposed as above, those at and 
at 90 degrees were selected while, at 1 and 90 1 
degrees, respectively, the recoil protons were selected 



according to the criterion explained earlier, and in 
volumes 5 to 10 mm from the edge of the plate closer 
to the Li target. 

Figures 8 and 9 show the results obtained in the 
determination of the neutron spectrum, including the 
emergence, efficiency and cross-section corrections. 

In both cases, the applicability condition of the 
method (h > 0.303 R(E)) applied, since the range of 
the protons of maximal energy obtained in the reaction 
under study (15 Mev), was about 1140 microns, and 
400 micron plates were used. 

III. CONCLUSIONS 
Be* Excitation Levels 

As already shown by Green and Gibson (1949) 7 the 
neutrons of over 5 Mev produced in lithium by the 
deuterium can only come from reactions: 



Li 7 + d 
Li 7 + d - 



> Be 8 + n 

> a + (x + 



The former produces neutrons in individual groups, 
since the lie 8 may remain excited, a condition which 
is in agreement, with observations made in the course 
of other experiments, while the latter produces neu- 
trons having energies showing the characteristic spec- 
tral distribution of disintegration into three particles. 

The Q of the first reaction above may be computed 
for the neutron spectrum peaks, allowing for the 
neutron emission angle and the incident deuterium 
energy (where the loss of energy of the deuterium in 
the thick lithium target should be observed). Q was 
computed in this fashion for the measured spectra, to 
which were added those of the papers published by 
Green and Gibson, 7 and Trumpy ct a/., 9 and all were 




Figure 7 
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Figure 8. (Above) Figure 9. (Below) 




grouped in Fig. 10. To the spectra given by these 
authors (solid line), we added a clotted line connecting 
the experimental data. 

Perfect coincidence of the 15 Mev peak is observed 
in all the measurements. 

The other observed peaks were those corresponding 
to 2.8, 3.4, 4.2 and 5.0 Mcv Be 8 excitation energies, of 
which the 2.8 and 3.4 levels have not been resolved to 
date, although they are suggested by all the data 
gathered so far. 

These peaks are verified by other reactions in which 
the Be 8 excitation levels come into play (see Green and 
Gibson 7 ). This is not true of the other peaks that may 
be observed but, when computing the value of Q they 
do not coincide. These are probably due to impurities in 
the target or to mutual actions with the target holder. 

Note: 

The Richards (K) data of over 6 Mev are statisti- 
cally poor, since they were measured from 2 Mev, and 
the greater part of the neutrons (%} are accumulated 
between 2 and 5. 

The Trumpy et al. data (B) were taken from a short 
abstract published in Nature (1952). The complete 
data published in Bergen (1953), were not received at 
Buenos Aires. 



___15 Q(flev) 



Figure 10 

The Green and Gibson (G & G) data above 7.5 Mev 
are not corrected for emergence, so that the relevant, 
ordinates are not comparable with other measure- 
ments. The small thickness of the plates used in most 
of the work (100 microns) greatly reduces the number 
of the protons between 11 and 15 Mev. 

Method Used 

It has been possible, by the selection criteria used 
in the high resolution method (chapter II) to map out 
the area of the spectrum in which measurements are 
taken (See efficiency curve, Fig. 6). This eliminates 
the superfluous data and greatly improves the sta- 
tistics in the maximal efficiency zone which, on the 
other hand, may be selected according to the spectrum 
being studied, taking the appropriate R Q and Qn m 
parameters. 



130 



VOL. II 



P/1076 



ARGENTINA 



E. P. FERREIRA and P. J. WALOSCHEK 



In this fashion the greater part of the measured 
data were obtained in the 8 to 13 Mev zone, giving 
great precision in the details of the peaks grouped about 
11 Mev in the 90 degree spectrum. In these peaks, 
the data obtained within each 0.3 Mev interval are of 
the order of 50 in each 1000 measured protons while 
Richards, for example, gets some 5 per 1000 protons 
measured, over a 0.4 Mev interval. 

With only two microscope operators some 1000 data 
are collected in about a fortnight by the high resolu- 
tion method, which if they fall within a zone of the 
spectrum which is not unduly wide, do give good 
information on it. 

APPENDIX 

Computation of Corrections 

From Equations 2 and 3 one can find out that the 
range of a proton produced by a neutron of energy E n , 
which forms an angle 6 with the direction of the 
incidence of the latter is: 



a E n b ' cos 26 6 



(13) 



where a - E n b represents the range of a proton having 
the energy E n of the incident neutron, which we shall 
express as: 

a - E n " = R(E) 
Thus: 



R p = R(E) cos 26 B 



(14) 



It will be seen'liere that all the recoil proton tracks 
created in the same elementary volume by monoener- 
getic neutrons will end over surfaces defined by the 
R = A'(cos 26 0) equation. Once they are drawn for the 
different energies, the cross sections of these surfaces 
will show the outline indicated in Fig. 11 (assuming 
that b = 1.725), serving as the base for the develop- 
ment of the graphical method for the determination 
of the neutron spectra mentioned in Section II. 

On the other hand, the number of recoil protons 
originated in a s dz volume of emulsion located at 
depth Zj with A atoms of H per cm 8 , crossed by 
N(E) neutrons of an energy included in the interval 
A/s, and which arc emitted within solid angle </ft, 
forming angle 6 with the direction of neutron incidence 



is: 



dP = A - s N(E) - <r(E,0) - </S2 dz 



(15) 





Figure 12 

with <r(E,0) = (*(E) cos B)/v the (n,p) differential 
cross section and (dtt) the solid angle which, in our 
case, is dQ = sinOdOd<t> (Fig. 12), from which the 
total number of protons produced by the neutrons in 
interval AE will be: 



P(E) = 4 , 

TT 



N(E) 



cos d9 d(t> dz AE (16) 

The limits for each one of the successive integra- 
tions will be deduced from the conditions resulting 
from the selection of the tracks for their measure- 
ments: (a) angle formed with the direction of inci- 
dence smaller than 45 degrees: 6 < 45 degrees; (b) 
projection of the track on direction x, greater than a 
constant value: R(E) cos 26+1 6 > # ; and (c) trace 
totally contained in the emulsion: R(E) cos 2 * sin 
cos < 25. 

In order to be able to judge the physical meaning 
of the integration limits thus derived, the following 
reasoning may be used (Fig. 13). 

For a given energy, and for each 6 direction, there 
is a boundary or limiting value zo such that, for each 
value z < ZQ a part of the relevant protons escape 
from the emulsion through its surface (z = 0); while 
on the other hand, for z > z , all the recoil protons 
produced with such an angle will have been counted 
since their tracks end within the emulsion. 

Therefore, within the first zone, i.e., for < z < S Q , 
there will remain, within the emulsion, those protons 



3T.-Q 




Figure 1 1 



Figure 13 
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whose 4> would be larger than a <o, minimum 
which is the one deduced from condition (c) 



= arc cos 



R(E) cos 26 e - sin 



(17) 



and, if we consider only the upper "half lobes" (re- 
lated to the emergence through the surface of the 
emulsion), all those protons whose < is such that 
ir/2 > <f> > #o will have been counted. 

On the other hand, for ZQ < z < h (h is emulsion 
thickness) it was observed that all the protons would 
be counted regardless of their </>. The value Zo is also 
deduced from conditions (c) for 



or, it is: 



4 = 0, (cos ^ = 1) 
Zo = R(E) cos 26 sin 6 



(18) 



Therefore the integration of Equation 16 should be 
carried out leaving the integral over <t> for last, as 
follows: 

1A /T /* zo f T/2 

P(E) = sN(E)<r(E) / / 2 / sin 6 cos 6 
* JelJz^o J 0-0. 

h f*/2 "] 

2 I sin cos (f dz \ 






dBbE (19) 



in which the factors 2, in the two terms within the 
bracket, complete the rear part of each half lobe, and 
the 2 applied to the expressions as a whole causes the 
contribution of the lower half lobes and resulting 
emergence through the lower surface of the emulsion 
to be taken into account. 

Regarding the integral over 0, it will suffice to take 
it between and a 0o deduced from condition (b) 



(20) 



provided this is smaller than 45 degrees (case shown 
on Fig. 13). If not, it will be taken only between 
and 45 degrees (case shown on Fig. 13). Therefore, it 
will be necessary to split Equation 19 in two parts, 
obtaining: 



for 



A 

7T 



cos 2 ' 1 " 1 " 1 45 degrees" 
r0o 



sin cos B d<f> dz + 



and for: 



sin cos d<f> dz + 



fh /v/2 
/ 2 / si 



sin cos d<t> dz dO AE 
(21) 



cos 264 " 1 45 degrees " 



r*/2 r r*> /> 

)*() / / 2 / 

iii 

/h fir/2 
2 si 

. Jo 



sin 6 cos d<i> dz dO &E 
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After computing both integrals, we have, taking 
V = sh: 



Pi() = A VN(E)a(E) 
4R(E) 



/ R n 
1 - (~ 



2X2H-1 



cos 8 "-' e sin 2 e de \AE (23) 



r 0.1656 
I h 



R(E)^E (24) 

in which one can see the correction terms due to in- 
tersection with a plane at distance RQ and to the emer- 
gence of tracks from the emulsion in the first expres- 
sion and only this last condition in the second. 

An indispensable requirement yet has to be taken 
into consideration in order that this result be valid. 
When referring to the integration over z we said that 
there was no emergence from the emulsion for ZQ < 
z < h', this means that it is a necessary condition for 
this reasoning that h > Zo and, since this should hap- 
pen for all possible directions of 0, it is a necessary 
condition that h > max [z ], a value easily obtained 
by making the z differential equal to zero: 

-2ft R(E) cos 26 " 1 sin 2 + R(E) cos 26 + l = 
Solving: 

cos 2 2b sin 2 = tan 
Therefore: 





.J 



and: 



max [so] - R(E) 



max [zo] = 0.303 - R(E) 



(25) 
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On Mass Estimation of Non-Relativistic Charged Particles 
in Nuclear Emulsions 

By J. Ausldnder, C. Bercea and E. Friedlander,* Romania 



In nuclear emulsion work, one is often confronted 
with one of the two following tasks: (a) to estimate 
the mass of an unknown particle which escapes from 
the emulsion; (b) to ascertain whether a particle with 
track ending in the emulsion has been stopped by 
ionization losses only. 

In this paper we shall describe a method for settling 
these two problems with tracks of non-rolativislic 
particles of unit charge. 

We shall restrict ourselves to the case of particles 
such that the mass determination by grain-counting 
is rendered impossible by the blackness of the track. 
Though, in principle, such tracks may be analyzed by 
gap-measurements or photoelectric densitometry, the 
well-known difficulties concerning calibration diminish 
the practical value of these procedures. 

The only track characteristic which does not depend 
on the processing of the emulsion and does not imply 
the presence of calibration tracks of special require- 
ments, is the scattering sagitta I). Our method is based 
entirely on the variation of this quantity along the 
track, once the (RE) relation of the emulsion is 
known. In certain limits the method can be used in- 
versely to estimate the exponent of the (I),K) relation 
from tracks of particles known by other means to be 
stopped in the emulsion by ioni/alion losses only. 

MASS ESTIMATE OF NON-STOPPED PARTICLES 
IN FIRST APPROXIMATION 

Consider the track of a particle which leaves the 
emulsion (Fig. 1). At both ends of the track we chose 
the sections ,!</ A " and .V A\" of lengths A and Aj 
and determine the corresponding average values (A>o) 
and </>!>. 

We make use of the well-known relation: 1 



where 



D = 

7 - !/(* + D 



(D 
(2) 



and k has the meaning given in reference 1. 

By RQ and RI we shall designate the residual ioniza- 
tion ranges which would appear if the emulsion were 
infinite. Then evidently 



11-7 



(3) 



Assuming RQ and RI to refer to the centers </ and a\ 
of Ao and AI, separated by the distance L (Fig. 1) we 
have 



where 






(4) 



(5) 



In this way, the usual (<x,R) method can be applied to 
non-stopped particles. 

A preliminary note on this subject has been com- 
municated to the Academy of the Rumanian People's 
Republic on April 23, 1954. 2 Later we came to know 
that in his paper, 3 Beiser hinted at the possibility of 
such a way of mass estimate without going into de- 
tails. The method has been applied by two of us 4 to 
the analysis of an unusual F decay. 

Preliminary tests- -which do not take into account 
the rigorous considerations, to be exposed in the fol- 
lowing section were carried out on tracks of stopped 
cosmic-ray particles recorded in an Ilford GS plate. 

For tracks of sufficient length and near enough to 
the end of their range, the agreement with the values 
furnished by the usual (i,/0 method is quite satis- 
factory. For instance, for the 2000/x track of a deuteron 
issued from a 4 + O p star we obtained 

m = (1.98 0.16)w p 

MASS ESTIMATE AVOIDING APPROXIMATIONS 

Rigourously speaking, the {/^)'s do not refer to the 
centers of the sections (Fig. 1), but to some points 
displaced with respect to these centers, since the (D,R) 
relation is not linear. 

Taking into account that (Z>y) (with j = 0, or 1) is 
defined as 



. . . 

R/' - & 



y Rj'-Rf 

where R and R/' refer to A/ and A/' (Fig. 1) and the 
evident relations: 

and 
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we have five equations which can be solved numeri- 
cally with respect to the two pairs Rf and Rf and the 
fifth unknown quantity m. It should be stressed that, 
for the purpose pursued, m is the only relevant 
quantity. 

Computations by the rigourous method are under 
way. 

A CRITERION FOR ABSENCE OF 
NON-IONIZATION ENERGY LOSSES 

As to the second problem mentioned earlier, the 
following variant of the above method leads to some 
interesting results. 

Let us consider a case in wliich the visible end of 
the track may not be identical with the end of the 
ionization range. For instance, such a doubt arises 
frequently in cases of spontaneous decay (decay in 
flight or at rest). Let r (Fig. 2) be the residual ioniza- 
tion range at the visible end of the track. The value 
r () would be a particular case thereof. We chose 
the two sections Ao and AI so that they cover the 
whole visible length of the track I, and divide it in 
the ratio /:! / (Fig. 2). We determine experimen- 
tally the average values (D f ) and (D\- f ) for different 
values of/. In this case, the system of Equations ft, 7 
and 8 becomes: 






!-/> 



f - r 



*- 



(10) 



70 

4 














^ 


N 


4/ 




t ! 


















ni 
^f 




^ I 7 














H 


h 


A 




f \ 














J 

























































4 


















> 


\ 


^, 


> 4 


i 




















^^- 


\ , 
^ 


^1 






















H 




^ 


s 


^ 


h 


t 


1 


- 


L ^ 
Figure 3i 


' 

3 


i 


5 < 


'. 1 


r i 


i 1 


i f i 

-^ 




Emulsion 



S////S/S/S//SS////S///////////S'/ Glass 

Figure 2 

R/-r=fl (11) 

Rt- R f = (1 +/)/ (12) 

Rt and R f can be found on Fig. 2. 

If all ranges are expressed in terms of / as the unit 
of length, Equations 9-12 yield 



Y 



f 



( . 

^ > 



As all quantities of Equation 13 except r are known 
or can be measured directly, this equation can be 
solved numerically with respect to r. 

In the particular case r = 0, Equation 13 takes the 
very simple form : 

IV +1 =/~* (14) 

The plot of log (Y/+ 1) against log/, is a straight 
line of slope ( 7). 

It is important to point out that Equation 14 is in- 
dependent of m and (', so that it can be applied to 
any particle, provided r = 0. Furthermore, if it can 
be made sure by other means that actually r = 0, the 
slope of the straight-line plot yields the value of 7. 

In order to establish the efficiency of this criterion, 
preliminary measurements of (Df) and (D\ ._/), in func- 
tion of /, have been carried out by the coordinate 
method 5 on eight tracks recorded in G5 plates. Of 
these tracks four (two deuterons d\, d*>, and two pro- 
tons PI, pz) were known to be stopped by ionization 
only, three (a pion TT and two protons /> 3 , p*) were 



t 



Figure 3b 
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known to have escaped from the emulsion, while one 
proton, p^ was an uncertain case. 

The results are plotted in Fig. 3a (stopped particles 



The straight line in Fig. 3a, of slope [7! = 0.42 (i.e., 
k = 1.37) which is the generally accepted value for 
Ilford G5 plates, 1 has been traced in such a way as to 
fit best the experimental points in the interval 0.8 > 
/ > 0.5. Outside this interval, the influence of fluctua- 
tions can be expected to play a great role. 

If more tracks with r = are available, y can be 
determined by the method of least squares according 
to Equation 14, as mentioned above. 

As seen in Fig. 3b, different non-stopped particles 
give different plots. Even if there might be found some 
straight lines to fit these plots more or less, their slope 
would be sensibly different from y. For comparison 
the straight line of slope y is traced by dots. 

CONCLUDING REMARKS 

As far as we know, the method described in the pre- 
ceding section, is the only quantitative criterion which 
enables one to ascertain whether the visible range is 
identical with the ionization range, or not. It is evi- 



dent that Equations 9 12 yield also the mass m of 
the particle even if r j 0. This method, which could 
be conveniently called the method of averaged sagit- 
tas, has a common feature with the constant sagitta 
method, 6 viz., it uses the whole length of the track. 
As compared with this last method, it is much simpler 
in operation. 

A detailed account of the measuring technique 
will appear elsewhere. The experiments are being 
continued. 
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Notes on Higher Order Multipolar Electromagnetic Radiation 
Applications to Nuclear Physics 



By Serban Titeica and Ch. lusim, Romania 

It is proposed to offer a solution to the problem of 
breaking down the electromagnetic field produced by 
a system of electrical charges in motion into its 
multipolar electrical and magnetic components. We 
shall assume, in so doing, that the charges do not 
leave the immediate vicinity of a certain fixed point in 
space, which we shall choose as the origin of the 
coordinate system; in addition, we shall assume that 
the distribution of the charges is continuous, so that 
it will be possible to go over immediately to the case 
of point charges by passing to the limit. 

Let (x,y,zf) and j(x,y,zj) be the density of charge 
and that of electrical current respectively. The con- 
tinuity equation will then be written as follows: 










(1) 



and we shall assume that functions p, j, are substan- 
tially different, from zero only for fairly small values 
of x, y, z, regardless of the value of /. The total charge 
of the system, which is independent of the time con- 
sidered, is given by: 

g = fpdV (2) 

The electromagnetic field of the charge system con- 
sidered is given by the retarded potentials: 



U(X,1 



A (X,Y,Z,t) 



*,y,*,/ - r -\ 

C L 



(3) 



wherein : 



(y - 



In order to break down the field (Equation 3) into 
its multipolar electrical and magnetic components, 
we shall make use of Taylor's formula, in the form: 

Original language French. 



f(r) -f(V(x-"~X)* + (y -Y) 2 +V- 



= V (-!) V 
Ll Li 

n**U a-\-0 + v = 



_ 
a\a0ly\aX a 



(5) 



By applying this formula to the right-hand mem- 
bers of Equations 3, the following expression is ob- 
tained immediately: 



00 

= y (-D y 

Lj LI 

n=0 a+fi+y 



~ f ) dv ] 



n-0 



dx 



I f 



(6) 



These formulae still do not give a solution to the 
problem raised. To solve it, we shall define Hertz's 
electrical and magnetic vectors by the formulae: 



( ~ 1)n 



n -f 1 



alftlyl 
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dX 
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in which x is the vector having A*, v, z, for its co- 
ordinates. 

Direct computation makes it possible to check, by 
using the continuity relation, Equation 1, that: 



By assuming that the motion of the liquid which 
makes up the drop is irrotational, one can write: 



grad 



dt 



(15) 
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in which V is the vector having components: --i -> 

dX d) 



Equations 7 and 8 embody a complete solution of 
the problem. The multipolar electric radiation of 
order 2 W ~ H is given by the potentials: 



f=-V-}\; -l = -^r W 

C at 

in which P n is the sum of terms which correspond to a 
given value of n in the expansion of Equation 7: 



/> \ * / 
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Similarly, the multipolar magnetic component of 
order 2 nH is given by: 



U n 



0, An = 



(ID 



in which: 
M 



( 1 \n \~"A 1 /! 

n+2 Z/ alP\y\ dX a dV ft 



It will be seen at once that, when n = 0, there is a 
return to the classical formulae which give the radia- 
tion of an electrical or magnetic dipole. 

One of our coworkers applied this breakdown 
method to a study of the radiation emitted by a 
charged liquid drop oscillating under the action of 
surface tension and electrostatic forces. 

Let /?o be the radius of the drop at rest and 

R - fljl + u(6,<t>)] (13) 

the equation of the surface of the deformed drop in 
polar coordinates. Function u(0jtp) may be developed 
as a series of spherical functions: 

+'. - +: 

l.mK|. TO (M 

(14) 
in which Yi, m is a normalized spherical function. 



for the velocity vector v of any element of the tluid, in 
which ^ is a function which satisfies 



and in the limit: 



= 

dR 
dt 



(16) 



(17) 



The solution of the equation may be written as a 
series of spherical functions 



(18) 



in which 



(19) 



The term in Equation 19 of the series in Equation 
18 represents a multipolar component of order 2 l of the 
mechanical vibration of the drop. 

The oscillations of the drop cause a distribution of 
variable electrical currents to appear inside it, as well 
as a distribution of variable electrical charges at its 
surface. 

A separate study can be made of the electromag- 
netic field due to the charges and currents of each 
multipole of the mechanical vibration of the drop. It 
is further possible to break down the field into multi- 
polar electric and magnetic components. 

Let o>i be the frequency of the mechanical multipolar 
vibration in Equation 19. One can write: 



. c 



(20) 



in which ai, m is a constant amplitude, assumed small. 
Let us also introduce the wave number ki of the radia- 
tion emitted by this vibration: 

*, = * (21) 

Then the intensity of the electric radiation of multi- 
pole order 2 nf l emitted by that oscillation is given by 
the expression 

9c 



= fl(^o) 2 ^ (^ 



(22) 



in which Ze is the total charge of the drop. 

Similarly, for the magnetic radiation of multipole 
order 2 n+1 the following intensity is obtained. 
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r ( ^F\ ^ c fh v w-fi (Ze\* magnitude as the intensity of the electrical radiation 

V dt), m , n , main -^ (klR ^ \WJ of multipole order 2-+'. 

The selection rule for electrical radiation of multi- 
pole order 2 n + l is 

kJ 2 +1 - * (23) + l-J-2j (24) 

1 '" n| l(n + 2? [(n -/)!!( + / + 3)!!j () .,.,.., ... .. 

in which p is either a positive integer or zero. Simi- 
larly, the corresponding rule for magnetic radiation 
It will be seen that the intensity of the magnetic of order 2 n+I is 
radiation of multipole order 2 n is of the same order of n / = 2p (25) 



A High Energy Particle Accelerator and Its Application to 
Peaceful Uses of Atomic Energy in Pakistan 



By Rafi Muhammed Chaudhri,* Pakistan 



THE HIGH TENSION ROOM 

The accelerator is housed in a special building 
constructed for the purpose. The high tension room 
is 60 X 35 X 40 ft. Its interior is covered all around 
with chicken gauze embedded in plaster and is well 
grounded to earth. It has a lintelled floor about 1 ft 
thick. The metal parts of the lintel are well grounded. 
The room is provided with five exhaust fans and two 
inlet fans to circulate cold air in summer. Three win- 
dows with reinforced glass are provided to allow dif- 
fused light into the room when desired. It has a main 
door 12 X 9 ft. The high tension room is cooled in 
summer by using special khas grass kept wet all the 
time. A certain volume of air is enclosed within the 
khas grass structure outside the main door, windows 
and the inlet fans. By regulating the speed of the fans 
the temperature is brought down by more than 30F 
and this enables the machine to function during the 
hottest part of the year. It may be mentioned here 
that Philips rectifiers work normally within a certain 
limited range of temperature. The humidity in the 
room rises to much higher value than that of the 
atmosphere outside by this arrangement but we have 
found that it is possible to work with the set under 
these conditions up to a voltage of about 800 kv quite 
satisfactorily. 

Adjacent to the high tension room is an observation 
room wherefrom one can watch the performance of the 
set while it is functioning. 

THE ACCELERATOR 

The accelerator is a Philips set and consists of: (1) 
a 1.2-million-volt Cockcroft-Walton type six stage 
cascade generator; (2) a smoothing column; and (3) 
an accelerating tube with Oliphant type ion source. 

The voltage to the generator is supplied by a 100 kv 
transformer which is fed by a 200-cycle ac generator. 
The transformer charges a condenser to a peak volt- 
age of 100 kv through a Philips nine-ring Mercury 
rectifier. One of the six condensers, joined in series, of 
the dc column of the generator is charged to a peak 
voltage of 200 kv through a second similar rectifier. 
The other five condensers of the dc column are charged 
to 200 kv each in a similar way, thus giving a total 
voltage of 1.2 million volts on the top stage of the set 

* Professor of Physics and Dean, Faculty of Science, Govern* 
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with respect to earth. (Since the Cockcroft-Walton 
circuit is well-known, the details of its principle of 
operation are not described here.) 

The filaments of the mercury rectifiers are heated 
by the secondaries of special dust core transformers 
whose primaries are joined in series with condensers 
of the set and are fed with rf current from a trans- 
mitter. The rectifiers are cooled by a special blower 
which circulates air through two hollow insulating 
supporting columns of the generator. 

The surges in the output of the set are cut down by 
special oil-cooled wire-wound resistors connected be- 
tween its two top spinnings. The ht voltage is sta- 
bilized by a smoothing column which consists of six 
condensers joined in series. Its each stage is connected 
on one side to the generator and on the other to the 
accelerating tube via special wire-wound oil-cooled re- 
sistors. The ripples may be further reduced by ad- 
justing the amplitude and phase of the output of a 
transformer connected at the bottom of the smooth- 
ing column. The primary of this transformer is fed 
by the 200 cycles generator through a phase-shifter. 

An electronic voltage stabilizer has been constructed 
to control the long period fluctuations of the ht 
voltage. 

The Oliphant ion source is a discharge tube with 
two hollow metal cylindrical electrodes, whose anode 
is oil-cooled. The power to the Oliphant ion source is 
supplied from an ac generator placed in the top stage 
of the accelerating tube and which feeds a transformer 
whose output is rectified by a Philips five-ring mer- 
cury rectifier and stabilized by an RC circuit. The 
generator is run by a long insulating belt driven 
through a hollow supporting column by a motor 
placed on the floor. The current through the field coil 
of the ac generator is controlled through a variable 
resistance, whose value may be adjusted by a rotat- 
ing insulating rod worked by a remote-controlled re- 
versing motor kept at earth potential. An output volt- 
age from 0-50 kv may be obtained with this device 
from the transformer. The ion source current and volt- 
age are read by two meters which are placed on the 
side of the column and can be viewed from the ob- 
servation room. The flow of the gas into the ion source 
is adjusted by a needle valve, which is also remote- 
controlled in a similar manner. The positive ions from 
the discharge tube are accelerated at six stages of the 
accelerating tube through suitably designed elec- 
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trodes. A maximum target current of 250 micro-am- 
peres with unanalysed proton beam has been obtained. 

The target assembly is separated from the accel- 
erating tube by a special vacuum valve and can be 
evacuated independently. There is a provision to shift 
the position of the target with respect to the axis of 
the accelerating tube while the beam is on. The posi- 
tion of the beam is located with a quartz disc fixed 
with a Wilson seal in a glass chamber below the 
vacuum valve. 

The target is placed on a copper backing silver- 
soldered to a hollow copper tube hermetically sealed 
into a Pyrex glass. The glass structure is joined to the 
accelerating tube through a flexible metal pipe. 

The accelerating tube is exhausted by a fast oil dif- 
fusion pump backed by a Kinney pump. There is a 
baffle valve on the top of the diffusion pump which 
cuts it out from the accelerating tube and the target 
chamber when desired. The pressure in the vacuum 
system is indicated by Penning gauges whose currents 
are read by meters placed in various control panels. 
A separate Penning gauge works an automatic alarm 
when the pressure exceeds a certain value on account 
of failure of pumps or a leakage in the tube. The 
pumps are water-cooled and so are the ht transformer 
and the oil-pressure pump which circulates oil through 
the Oliphant'jon source and measuring resistance col- 
umn placed between the top bun of the accelerating 
tube and the earth. The failure of water supply is indi- 
cated by micro-switches which work automatic alarms 
placed in the control room. The target is cooled either 
by cold water or liquid air as desired. 

The remote controls of the machine are fixed in a 
main control desk and three control panels. One of the 
switches of the main control desk operates the high- 
frequency transmitter, blower, oil -cooling pump and 
the 200 cycles ac generator. The second switch puts 
the power on the high tension set which will not be 
possible unless the transmitter, blower and the oil- 
cooling pump are on and the variac controlling the 
output of the transformer is set in a position to give 
its minimum output voltage. There is also a provision 
in the control desk for the very fine adjustment of the 
main voltage of the machine. 

The meters in the control desk read the (a) total 
current passing through the set, (b) total output dc 
voltage of the set, (c) target current, (</) transmitter 
input current, (e) input voltage of the transformer 
and (/) current in primary of the ht transformer. 
There are also three safety relays fixed in the control 
desk which switch off the set if the current in the pri- 
mary of the high tension transformer, the total load 
current of the set or the target current exceeds cer- 
tain preset values. 

The output voltage of the ht set is measured by a 
calibrated meter by tapping a known resistance put 
in series with the oil-cooled measuring resistance col- 
umn. The remote controls which work the ion source 
power supply and gas flow are provided in control 
panels placed in the main control room and observa- 
tion room. A separate control panel placed near the 



diffusion pump on the floor controls the power to the 
Penning gauge, backing and diffusion pumps. There is 
also a safety switch in this panel which cuts ail power 
supplies to the top spinning of the accelerating tube 
when required. 

DETECTING AND MEASURING INSTRUMENTS 

The gamma radiations have been detected using a 
Nal(Tl) single crystal spectrometer with photo-mul- 
tiplier types 6260 and 6262. The crystal and the photo- 
multiplier are placed in a light tight chamber close to 
the target. The position of the assembly is fixed with 
the help of two cross telescopes to repeat observation 
under similar conditions. The output pulses of the 
photo-multiplier are fed into an amplifier through a 
cathode follower and then to a five-channel pulse- 
height analyser or to a sealer (scale of 100) provided 
with a variable bias voltage (5-50 volts). In some 
measurements the output of the photo-multiplier is 
fed to the sealer through 1186 head amplifier. The 
neutrons have been detected with a BF 3 counter whose 
output is fed to the sealer through a head and main 
amplifier. The reactions of neutrons on boron have 
also been studied with photo-emulsion plates using a 
Cooke Troughton nuclear microscope. For counting 
alpha particles special counters were made with a fill- 
ing of helium at atmospheric pressure. The output 
pulses of the counter are fed direct into the sealer 
through a probe unit. 

The various counting devices like Geiger counters, 
alpha and beta end-window counters, and propor- 
tional counters for neutrons have been constructed in 
this laboratory. 

MAGNETIC ANALYSERS 

Two magnetic analysers for resolving and focusing 
the proton and dcuteron beams at 15 and 30 degrees 
have been set up. The former consists of a permanent 
magnet and the latter of an electro-magnet. A target 
has been devised whose position from the magnet may 
be varied while the beam is on in order to locate the 
focus. 

SAFETY DEVICES 

(1) Pocket monitors are used by laboratory workers 
to indicate the total dose of radiation to which a per- 
son has been exposed during the day. 

(2) Automatic gamma-ray and neutron monitors 
are installed at suitable places in the laboratory to 
give alarm when either the instantaneous flux or the 
total radiation dose exceeds safety limits. 

(3) It is hoped that in the near future we shall have 
film badge service available as well in the laboratory. 

THE RADIO-FREQUENCY ION SOURCE 

The ion source consists of a Pyrex glass discharge 
tube with a tungsten anode 1 cm in length and 2 mm 
in diameter, fixed in a narrow capillary at its top. 
The cathode is of brass. An aluminium probe 1.8 cm 
long and having a bore 4.5 mm in diameter along its 
axis is screwed in the cathode. The surface of this 
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Figure 1. Curve showing variation of ion current with pressure keeping 

wattage input of the oscillator and extracting voltage constant. The 

probe current varies from 4.5 to 9 ma 

electrode is shielded with a Fyrex disc with a hole in 
its centre. A fused silica tube 8 mm in internal diam- 
eter shields the probe. Its length over the tip of the 
probe is adjusted to be equal to the external diameter 
of the probe. 

The circuit of the oscillator is of the Hartley type. 
The frequency of the oscillations used ranges between 
S and 10 megacycles. The transmitter tube used is 
an 805. 

The positive ions from the discharge tube are ex- 
tracted by applying a dc voltage on the probe. The 
ion current is found to depend upon: (1) power input 
in the oscillator; (2) probe extracting voltage; (3) 
pressure in the discharge tube. At. fixed values of the 
input power and probe extracting voltage, the ion 
current is maximum at a certain critical pressure and 
falls on either side of it. as shown in Fig. 1. It shows, 
however, a regular increase with power input keeping 
pressure and extracting voltage constant as given in 
Fig. 2. Using a discharge tube 24 cm in length and 
5.4 cm in diameter an ion current of about 5 milliam- 
peres was obtained below the cathode at a pressure of 
13 microns with a probe extracting voltage of about 
5 kilovolts. The tank current had a frequency of about 
8 megacycles. 



The presence of water vapour and other impurities 
was found to affect adversely the ion current under all 
conditions of the experiment studied. The hydrogen 
gas was, therefore, allowed to enter the discharge tube 
through a liquid air trap and a palladium leak to keep 
it as pure as possible. 

With the increase in the diameter of the silica tube 
acting as the shield of the probe, the ion current was 
found to decrease. Under identical conditions the ion 
current with silica tubes of 8 and 10 mm diameter was 
4.8 and 4.4 milliampcres respectively. 

The tank coil consists of a few turns of Cu wire 
4.5 mm in diameter. The position of the tank coil was 
found to have quite a considerable influence on the 
ion current. The maximum ion current was obtained 
with the coil as near to the cathode surface as possible. 
This current decreases as the position of the coil is 
removed away from the cathode. 

The shape of the shield of the cathode, whether 
plane or convex had little effect on the ion current. 
The radius of curvature of the convex shield used is 
about 5 cm. 

The effect of the oscillation frequency on ion cur- 
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Figure 2. Curve showing variation of ion current with wattage Input of 

the oscillator keeping the pressure and extracting voltage constant. _ 

The probe current varies from 5 to 8 ma 



Figure 3. Curves showing variation of ion current with pressure at 8 and 
10 megacycles frequency of the oscillator keeping the wattage input 
of the oscillator and extracting voltage constant. In curve I the probe 
current varies from 5 to 8 ma. In curve II the probe current varies from 
5 to 9 ma 

rent is shown in Figs. 3 and 4 for a discharge tube 
27 cm in length and 5.4 cm in diameter using 8 and 
10 megacycle frequencies. 

THE HEAVY HYDROGEN PLANT 

Tt consists of a Pyrex glass " U " shaped electrolysing 
cell about 1.5 cm in diameter with platinum electrodes. 
The heavy hydrogen produced by electrolysis bubbles 
against atmospheric pressure through mercury in a 
narrow annular space between two glass tubes one 
slipping into the other; the outer tube dips in a mer- 
cury reservoir. A glass bulb with a narrow glass capil- 
lary hook sealed inside it is fixed at the top of the 
outer tube. This device avoids violent splashing of 
the mercury while hydrogen bubbles through it and 
prevents it from rushing into the pumping side of the 
system. As the heavy hydrogen bubbles in vacuum, 
the open oxygen delivery tube would allow air to rush 
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Figure 4. Curves showing variation of ion current at 8 and 10 mega- 
cycles frequency of the oscillator with power input of the oscillator 
keeping the pressure and extracting voltage constant. In curve I the 
probe current varies from 5 to 8 ma. In curve II the probe current varies 
from 4.5 to 9 ma 

in and push the electrolyte in the hydrogen column 
which will break the electric circuit. The oxygen de- 
livery tube is, therefore, dipped in a mercury cup 
which acts as a valve allowing oxygen to escape into 
the atmosphere and prevent ing air from rushing in. 

A combined pressure and vacuum pump is em- 
ployed to collect heavy hydrogen in a glass reservoir 
of about one litre capacity. An automatic device 
breaks the electric circuit when the reservoir is filled 
with heavy hydrogen to an atmospheric pressure. 

RESULTS 
With an Unanalysed Proton Beam on Al 

(1) Definite resonance levels were found to exist in 
the Al(/>,7)Si reaction. The gamma-rays emitted were 
studied using a single Nal(Tl) crystal spectrometer. 
Two pronounced resonance peaks at proton energies 
of about 400 and 500 kev were observed with an Al 
target Ko mm thick (Fig. 5). (The Al foil was sup- 
plied by Messrs. Johnson Matthey Limited of Lon- 
don.) The target was liquid-air cooled. The emission 
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Figure 5. The resonance peaks in AI(p,7)Si reaction 



Figure 6. Gamma radiation from copper excited by proton bombard- 
ment 

of gamma-rays from the reaction at energies other 
than the above two resonance energies are under in- 
vestigation. The half-width (full width at half height 
of the peak) of the 400 kv peak is about 7%. 

Now a plant has been set up to prepare thin metal 
films, by evaporation in vacuum, to serve as a target 
in future experiments. 

(2) The yield of gamma-rays is found to be propor- 
tional to the proton current within the experimental 
error. 

(3) It was also observed that at each of the above 
proton resonance energies, gamma-rays of various en- 
ergies are emitted as detected by a single-crystal spec- 
trometer using a five-channel pulse-height analyser. 

The definite energies of the gamma-rays emitted 
will be investigated after improving the resolution of 
the spectrometer. 

Experiments with an Unanalysed Proton Beam 
on a Cu Target 

Experiments were done with a Cu target Ho mm 
thick. The Cu foil was supplied by Messrs. Johnson 
Matthey. We have observed a fairly well-pronounced 
peak at about 370 kev proton energy (Fig. 6). We 
are, however, not yet certain of the reaction which 
produces these gamma-rays. It will be studied in de- 
tail in due course. 

Experiments with Photographic Emulsion Plates 

The reaction of neutrons on boron has been studied 
using photographic emulsion plates Type C 2 obtained 
from Messrs. Ilford, Ltd., London. 

Experiments with D-D Reactions 

An ice target was prepared by allowing a jet of 
water vapour to condense on a liquid-air cooled cop- 
per target. The resulting neutrons from the D-D re- 
action are to be studied with BFa counters, photo- 
graphic emulsion plates, Nal(Tl) crystals and organic 
crystals like anthracene, stillbene and pamelon. 
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The neutrons from the D-D reaction and deuterons 
from the set will be used in preparing isotopes, par- 
ticularly of short lives, which are required in medical 
and biological research. 

It may be added at the end that the paper is pri- 
marily intended to give briefly a survey of the nu- 
clear work now in progress in the laboratory and to 
indicate the scope of its extension in future and not a 
critical discussion of any particular aspect of it. 
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Mr. M. V. PASECIINIK (Ukrainian Soviet Socialist 
Republic) presented paper P/714. 

Mr. R. B. DAY (USA) presented paper P/581. 

Mr. M. WALT (USA) presented paper P/588. With 
regard to elastic cross-sections he showed two slides 
that do not appear in the paper. They, and the rele- 
vant part of the presentation, are reproduced here: 

In the past several years many measurements have 
been made of the angular distributions of neutrons 
elastically scattered by nuclei. The angular distribu- 
tion of neutrons scattered by a given element changes 
slowly with energy as expected in the continuum en- 
ergy region. However, it was also found that at a 
given energy the shape of the angular distribution 
varied in a systematic manner as one progressed from 
element to clement in the periodic table. 

The general dependence of the angular distribution 
with neutron bombarding energy can be seen in 
Slide 1. In this slide the differential cross sections for 
elastic scattering of neutrons by a heavy element are 
plotted as a function of the cosine of the scattering 
angle, the scattering angle going from degrees on 
the left to 180 degrees on the right. Each curve is for 
a given energy, going from 0.6 Mev at the top to 
14 Mev at the bottom of the graph. The vertical scale 
of each curve is displaced slightly from that of adja- 



cent curves to prevent overlapping, the zero for each 
curve being given on the right-hand side of the figure. 
As the energy increases from 0.6 Mev at the top of 
the figure to 14 Mev at the bottom, the angular dis- 
tribution changes slowly from a relatively flat curve, 
peaked in the forward direction, to a more compli- 
cated structure involving several secondary maxima 
and minima. The forward peak becomes much more 
pronounced and in general the cross sections at large 
angles decrease greatly in absolute value. For example, 
in going from 0.6 Mev to 7 Mev the forward peak in- 
creases by a factor of almost 10. The scattering near 
180 degrees, on the other hand, decreases by a factor 
of roughly 20 in going from 0.6 Mev to 7 Mev. For 
purposes of reactor calculation, it should be noted 
that in general as the energy increases, the elastic 
transport cross section decreases. 

Slide 2 (Fig. 2 of P/588) illustrates the regular 
variation of the shape of the differential cross-section 
curves with changing atomic weight. In this figure, 
the differential cross-section for elastic scattering of 
1-Mev neutrons is plotted as a function of the cosine 
of the scattering angle for some 28 elements. Each 
curve is the differential elastic cross-section curve of 
the element whose atomic weight is indicated on the 
horizontal scale. As one moves to heavier elements, the 
forward peak in general increases, and the curve 
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Slide 1 



becomes more complicated, eventually showing sec- 
ondary maxima and minima. Figure 2 of P/588 indi- 
cates the situation at 1 Mev bombarding energy. 

Slide 3 is a similar figure for a neutron energy of 
4 Mcv. Note the much more pronounced forward 
scattering at this increased energy. Again, as in the 
last figure, one sees the increase in the forward peak 
with increasing atomic weight and the greater com- 
plexity of the curves for the heavier elements. 

The regular variation of the angular distributions 
with energy and with atomic weight makes it possible 
to guess the angular distribution of an element whose 
differential cross-section has not been measured, by 
interpolating between curves of neighboring elements 
whose cross-sections have been measured at the same 
energy or nearby energies. 

DISCUSSION OF PAPERS P/714, P/581 AND P/588 

Mr. P. A. EGELSTAFF (UK): I would just like to 
comment on the inelastic scattering cross-section of 
U 238 from work we have done at Harwell, and com- 
pare it with the results we have just seen. This work 
has involved the use of the He 3 neutron spectrometer 
which you have seen in the United Kingdom exhibition 
here, and it was carried out by R. Batchelor. 

Slide 4 shows the spectrum of neutrons inelasticallv 
scattered by natural uranium for a bombarding energy 




Slide 3 

of 500 kv. The energy loss is on the whole about 100 
kv, the peak of the spectrum coming at about 400 kv. 

Slide 5 shows the spectrum of neutrons scattered 
inclastically for 900 kv bombarding energy, and in 
this case there is a peak at about 800 kv showing the 
same rather small energy loss, but now a larger peak 
has appeared at 200 kv corresponding to an energy 
level in U 238 at 700 kv. We attribute this lower peak 
to a level other than the rotational levels and the peak 
at a loss of 100 kv to rotational levels. 

Slide 6 shows the cross-section for this process. The 
circles show the total cross-section for inelastic scat- 
tering, and if you compare this with the similar curve 
in the last paper, you will sec that the rise from 500 kv 
to 1.4 Mev is about of the same order, but that the 
absolute value of the cross-section in our case is about 
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Slide 4. The spectrum of neutrons scattered inelastlcally by uranium at 
500 kev bombarding energy 
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twice that found there. The crosses show the cross- 
section for an energy loss less than 500 kv and would 
correspond approximately to the part of the cross- 
section relating to the rotational energy levels. 

Mr. WALT (USA): I would like to make a comment 
on the first paper. I notice that in the table of inelastic 
cross-sections, the inelastic cross-sections for lead and 
bismuth were quite different at all energies except at 
14 Mev. I think this does represent, a disagreement 
between our results and the results presented there, 
because at all energies above 1 Mev we have found the 
same inelastic cross-sections for both lead and bismuth. 

I also have another question. Could the speaker de- 
scribe briefly the manner in which his transmissions 
were corrected for the energy loss in inelastic colli- 
sions and for multiple scattering in order to arrive at 
inelastic collision cross-sections? 
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Slide 5. The spectrum of neutrons scattered inelastically by uranium at 
900 kev bombarding energy 

Mr. PASECHNIK (Ukrainian Soviet Socialist Repub- 
lic) : We noted the divergence in the data on the cross- 
sections for bismuth and lead some time ago and ran 
a special series of experiments in order to check our 
results. According to our data there is a divergence 
which may be explained by the fact that natural lead 
has over 48% of isotopes with a not-magic number of 
neutrons. It is because of this proportion of isotopes 
that we obtain a much larger cross section for lead 
than for bismuth. I have no reason to doubt Mr. 
Walt's data. However, I would like to ask him to re- 
check his data as we rechecked ours. 

As for the second question I think it would be 
preferable if I discussed this matter in private with 
Mr. Walt, since the matter of introducing corrections 
to the experimental data is of rather special interest. 
Of course we introduced such corrections, and I will 
be glad to give Mr. Walt all the details. 

Mr. WALT (USA): In regard to the angular dis- 
tribution of inelastically scattered neutrons, in some 
of the experiments by which we obtained angular dis- 
tribution of elastically scattered neutrons we could 
obtain a crude determination of the inelastic dis- 



tribution by measuring this distribution with detec- 
tors having different thresholds, and we found that the 
angular distribution of the inelastic scattered neu- 
trons was isotropic although our experimental errors 
were very large. 

However, recently a colleague of mine, Mr. Gran- 
berg, using a time-of-llight technique which he will 
describe in a later session of this Conference,* has 
measured the angular distribution of inelastic scat- 
tered neutrons to considerably greater precision. 
Inasmuch as his results, at 2^2 Mev in the case of iron, 
are quite applicable to the preceding paper, I will ask 
him to present these results now. 

Mr. L. GRANBERG (USA) : I would just like to com- 
ment on our results obtained for the angular distribu- 
tion of neutrons scattered from iron. The primary 
neutrons had an energy of about 2.45 Mev. It is rele- 
vant particularly to this discussion to point out that 
we do observe a small anisotropy for the neutrons 
which excite the 850 kev level in iron. The weightiest 
points are the ratio of 90 to 155 and 167 degrees, and 
there the anistropy is about: 17%. I believe that the 
uncertainty in that is only of the order of a few per 
cent. I believe this is quite consistent with the reports 
of isotropy taking account of the angular range which 
is covered in other work and the experimental 
uncertainties. 

Mr. O. D. KAZACIIKOVSKI (USSR): I would like to 
make two remarks regarding Mr. Walt's report. 

1. Similar experiments, at least in the energy re- 
gion above 1 Mev, can, in principle, be carried out by 
means of photographic plates, if one succeeds in reduc- 
ing the background to a sufficient degree. 

Such measurements were carried out in our labora- 
tory by Sal'nikov for lead and iron with 2.3 Mev 
neutrons. The results for lead are given in Table I. 

In the upper line are the angles of scattering: 30, 60, 
90 and 135 degrees, and in the left column the energies 
of the scattered neutrons: 2.3 Mev, 1.8 Mev and 1.5 
Mev. These correspond to elastically scattered neu- 
trons and to neutrons non-elastically scattered at the 

* Session l.SA, paper P/577, Veil. 4, these Proceedings. 
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Angle, decrees 






Neutron 










energy 












30 


60 


00 


135 


2.3 Mev 


15 1.24 


2.75 0.47 


3.79 0.43 


2.57 0.34 


1.8 Mev 


0.81 + 0.5 


0.76 0.21 


0.91 0.19 


0.77 0.19 


1.5 Mev 


0.96 + 0.48 


1.06 + 0.31 


1.19 -t 0.29 


1.03 0.26 



0.5 Mev and 0.8 Mev levels, respectively. The differ- 
ential cross sections (referred to 4?r) are given in barns. 

As may be seen from Table 1, the curve for the 
elastic scattering cross-section has the usual shape, 
with aniso tropic scattering. In contrast to this, the 
non-elastic scattering cross-section remains constant 
within the limits of experimental error. In non-elastic 
scattering from iron nuclei, isotropy of scattering also 
occurs for the 0.85 Mev level. The corresponding cross- 
section is approximately one barn. 

2. Extension of the investigation of non-elastic 
scattering into the region of lowest possible energies 
presents undoubted interest. Glazkov and other inves- 
tigators in our laboratory have carried out measure- 
ments of the non-elastic scattering of photoneutrons 
with energies of 0.22, 0.7 and 0.9 Mev. Spherical 
ionization chambers with helium or hydrogen were 
used as detectors. The measurements were carried out 
in spherical geometry. The results are a number of 
measurements given in Table II. 

Table II 



Element 


220 kev 


700 kev 


WO kev 


Cu 








0.2 


Sb 





0.4 0.1 


0.7 0.1 


w 


0.4 0.1 


1.3 0.2 


2.6 0.2 


Hg 

Pb 


0.1 0.5 



0.8 0.1 



1.5 0.1 
0.2 0.1 


Hi 












In the upper line we give the photoneutron energies 
and in the left column the investigated elements. 
The cross-sections are given in barns. As will be seen 
from Table II the heavy "non-magic" elements have 
a considerable non-elastic scattering cross-section even 
at a neutron energy of 220 kev. The cross-section 
values for 900 kev neutrons are apparently in agree- 
ment with the data given by Mr. Walt for 1 Mev 
neutrons. 



Mr. V. F. WEISSKOPF (USA) presented P/830. 
DISCUSSION OF PAPER P/830 

Mr. RUDIK (USSR): I have two remarks to make 
about Mr. Weisskopf's paper. 

First, regarding the question of the diffuse boundary 
of the nucleus already mentioned by Mr. Weisskopf, 
consideration of a diffuse boundary leads to better 
agreement between theory and experiment. It seems 
to me that an investigation of non-spherical nuclei 
should also result in closer agreement of theory with 
experiment. 



The second point I want to raise is thai even at low 
neutron energies several mechanisms of the reaction 
may be suggested without recourse to the compound 
nucleus model. One of these possible mechanisms was 
investigated by Zaretski and Shut'ko ("Kxcitation of 
rotational nuclear levels by neutrons," forthcoming 
issue of the Journal of Experimental Theoretical 
Physics/ZHETF). They showed that the inelastic 
scattering of neutrons with an energy of several kev 
may be regarded as a process involving the excitation 
of rotational levels of an elongated nucleus, without 
formation of a compound nucleus. 

Mr. WEISSKOPF (USA): I agree on both points. The 
first point is, I think, of great importance, and 
I think that work in this respect, is going on now in 
Copenhagen. 

With regard to the second point, we are also very 
interested in it; both at Copenhagen and at MIT they 
arc trying to discuss the precise way a neutron conies 
in and sets a nucleus in rotation without forming a 
compound nucleus. I should like to say that calcula- 
tions have also been carried out at. Oxford. It seems 
that this is an important process for inelastic scatter- 
ing at low energies. 



Mr. M. S. KOZODAYEV (USSR) presented paper 
P/650. 

DISCUSSION OF PAPER P/650 

Mr. SNELL (USA): I would like to compliment the 
Russian physicists on the daring use of the propor- 
tional counter so close to a heavy neutron beam. I am 
not quite clear as to the relative geometry of the 
spherical collecting chamber and the beam. Am I 
right in assuming that the spherical chamber poked 
partway into the neutron beam and, if so, about how 
far away was the sensitive part of the counter from the 
edge of the beam? 

My second question is about the determination of 
the neutron density in the beam. I would like to ask 
this question: How accurately do you think you can 
measure absolute thermal neutron densities? 

Mr. KOZODAYEV (USSR): In these measurements 
the neutron beam was rigorously defined and therefore 
did not graze the metal parts of the equipment. Special 
test measurements showed that the experimental con- 
ditions were satisfactory and that the equipment 
really registered the protons from neutron fission. The 
background in these measurements was of the same 
order of magnitude as the effect. Conditions in the 
second experiment were better and the background 
was appreciably weaker, which made it possible to 
attain accurate results. 
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With reference to the second question I can say the 
following: For determining the density of the neu- 
tron flux in this experiment we did not have to know 
the exact cross-section for boron; only the relative 
distribution of the flux density of the neutron beam 
was measured by means of a small boron chamber. 
The absolute magnitude of the neutron flux density 
was measured by means of activation of a gold foil. 
The neutron flux in the central part of the beam was 
260 15 per cm 2 per second. This is the exact value 
of the density. 

Mr. WEISSKOPF (USA): I would like to congratulate 
the Russian group on these excellent measurements, 
which have opened up a very important new field of 
investigation. These measurements constitute a most 
interesting advance. I would like to ask the speaker 
what kind of results he has got in the measurement of 
heavy elements. You very probably got a continuous 
spectrum at low energies, and it would be especially 
interesting to know whether this continuous spectrum 
is in agreement with the theoretical predictions and 
whether it falls off in intensity ai low energy. 

Mr. ADJASEVICH (USSR) : We have investigated the 
gamma-spectra of cadmium, samarium and mercury. 
The spectrum for samarium has the usual form pre- 
dicted by theory. However, on the low energy side, 
as well as on the high energy side, we observed a 
number of peaks corresponding to gamma-rays 
emitted in the transitions between the lower levels of 
these nuclei and in transitions from the compound 
nucleus state for this level. In the case of mercury, the 
observed spectrum is closer to a line spectrum. This 
may be explained by the fact that the atomic number 
of mercury is almost a magic number. 

The CHAIRMAN: Are there any other questions for 
Mr. Adjasevich? I myself would like to ask him a 
question. In the decay scheme of sodium-24, from 
your work, Mr. Adjasevich, it appears that there 
should be an intense transition of 90 kv which might 
even have a measurable lifetime. I wonder if Mr. 
Adjasevich has any information whether such a transi- 
tion has been detected? 

Mr. ADJASEVICH (USSR): Unfortunately, our spec- 
trometer is not sufficiently sensitive at 7-ray energies 
of 90. We have no information whatsoever about 
these transitions. 



some preliminary results, and the results will no doubt 
become more accurate as time goes on. 



Mr. H. NIEWODNIKZANSKI (Poland) presented 
paper P/941. 

DISCUSSION OF PAPER P/941 

Mr. O. SIMPSON (USA): I should like to ask Mr. 
Niewodniezanski whether he has any data to present 
on the variation of the cross section with the tempera- 
ture of the scattering material. 

Mr. NIEWODNIEZANSKI (Poland) : Yes. Such meas- 
urements are being made now by one of my collabora- 
tors, who is measuring the scattering of neutrons by 
methyl alcohol molecules at different temperatures up 
to the critical temperature, in order that the influence 
of association can be measured. There are already 



Mr. L. S. KOTHARI (India) presented paper P/870. 
DISCUSSION OF PAPER P/870 

Mr. P. A. EGKT.STAFF (United Kingdom): We have 
heard from Mr. Kothari of the interaction of cold 
neutrons in polycrystalline solids involving exchange 
of an energy quantum. I would like to compare that 
interaction with the analogous interaction for a 
liquid, because we have had one curious result, and I 
would like an explanation of this. We have studied the 
scattering of cold neutrons of a temperature of 14 
absolute from solid and liquid lead. We have shown 
that over the whole temperature range we have stud- 
ied, and the whole angular range we have studied, 
there is an inelastic interaction involving an energy 
exchange of about 80 absolute, and so it corre- 
sponds to the single-phonon process discussed in Mr. 
Kothari's paper. This is true even in the liquid state. 

Slide 7 is the differential cross-section for the 
scattering of 14 absolute neutrons by solid and liquid 
lead for angles of 35, 90, and 145 degrees. The solid 
line is a theoretical calculation based on the same 
theory as outlined in the previous paper, using a liquid 
model in which the liquid is treated as a crystal with 
the atoms placed at random positions. In the case of 
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145 and 90 degree scattering the points show a steady 
increase with temperature, but in the case of 35 
degrees you can see there is a rise in the scattering by 
solid lead with increasing temperature. There is a 
sharp step at the melting point and then the scattering 
is about constant. This is in contrast to the theory, 
which indicates a rise in scattering with temperature. 
This rise of scattering with temperature is quite 
general for all cases of solid scattering and any case of 
liquid scattering where you treat the liquid by means 
of some sort of crystal model. The problem is how to 
relate this constant cross-section with temperature to 
all the other features of the scattering, which are 
analogous to solid type scattering. 



The CHAIRMAN: I will now ask if anybody wishes to 
make any comments or observations on Mr. Kothari's 
paper or on what has just been said by Mr. EgelstafT. 

Mr. K. P. WIGNER (USA): I should like to ask if 
you can measure the cross-sections up to very high 
temperatures, and how they go over into the cross 
section which one expects from a hot gas. 

Mr. EGKLSTAFF (United Kingdom): We have noi 
measured the cross-section above a temperature of 
800 absolute that is about 200 above melting 
point but we are hoping to extend measurements to a 
much higher temperature. However, at that tempera- 
ture it is very much lower than the cross-section 
expected for a gas. 
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On the Theory of Nuclear Fission 



By Aage Bohr,* Denmark 



ABSTRACT 

The spectrum of quantum states of fissioning nuclei 
passing over the saddle point is discussed together with 
some of its consequences for the fission process. Thus, 
the effective fission threshold is found to depend sig- 
nificantly on the spin and parity of the compound 
nucleus. Moreover an interpretation is given of the 
observed aniso tropics in the fragment distribution for 
photo fission and fission produced by fast particles. 

INTRODUCTION 

When a heavy nucleus captures a neutron or ab- 
sorbs a high energy photon, a c< impound nucleus is 
formed in which the excitation energy is distributed 
among a large number of degrees of freedom of the 
nucleus. 1 The complex state of motion thereby 
initiated may be described in terms of collective 
nuclear vibrations and rotations coupled to the motion 
of individual iiucleons.*'- 3 

The compound nucleus lives for a relatively very 
long period, usually of the order of a million times 
longer than the fundamental nuclear periods, after 
which it decays by emission of radiation or of neu- 
trons, or by fission. The latter process occurs if a 
sufficient amount of energy becomes concentrated on 
potential energy of deformation to enable the nucleus 
to pass over the saddle point shape, at which the 
repulsive coulomb forces balance the cohesive nuclear 
interactions. 4 - 6 

For excitation energies not too far above the fission 
threshold, the nucleus, in passing over the saddle 
point, is "cold," since the major part of its energy 
content is bound in potential energy of deformation. 
The quantum states available to the nucleus at the 
saddle point of the "fission channels" are then widely 
separated and represent relatively simple types of 
motion of the nucleus. These channels are expected to 
form a similar spectrum as the observed low-energy 
excitations of the nuclear ground state. 

This ordered character of the motion of the nucleus 
at saddle point gives rise to a number of regularities in 
the fission phenomena. Thus, a fission process passing 
through a single channel may exhibit a marked 
anisotropy in the angular distribution of the frag- 
ments, depending on the angular momentum quantum 
numbers of the channel. Moreover, the wide spacing 
of the channels implies that the fission threshold may 

* Institute for Theoretical Physics, Copenhagen, Denmark 
(including considerations developed jointly by Dr. Ben R. 
Mottclson and the author). 
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depend significantly on I he spin and parity of the 
compound nucleus. Experimental data on these as- 
pects of the fission phenomenon may thus provide 
valuable information on the structure of the fissioning 
nuclei at a crucial stage of the process. 

FISSION CHANNEL SPECTRUM 

The channel spectrum for fissioning nuclei refers to 
the sequence of potential energy surfaces E(ct) con- 
sidered as functions of the deformation parameter a. 
characterizing the motion towards fission, and evalu- 
ated at the saddle point deformation. 

In this section we briefly describe the channel spec- 
trum expected on the basis of present knowledge of 
the low energy spectra of the nuclei in the region of 
the very heavy elements. These nuclei have already 
in their ground states a strongly elongated shape, and 
the ground state excitations therefore exhibit many 
similarities to those of the saddle point. 

We shall assume that the nuclear shape during the 
passing of the saddle point remains axially symmetric, 
as is the preferred shape of the nuclear ground states. 
The channels can then be characterized by the quan- 
tum number A', representing the component of the 
nuclear angular momentum about the symmetry axis. 

For even-even nuclei, the lowest state of the nu- 
cleonic structure has K = 0, corresponding to a paired 
nucleon configuration. With this intrinsic state is 
associated a rotational band with energies 6 



(1) 



where 7 is the total nuclear angular momentum and / 
the effective moment of inertia. This latter quantity 
depends on the nuclear deformation. For the ground 
states of the very heavy elements, the value of h 2 /2J 
is about 7 kev, and for the greater deformation at 
saddle point the value may be even smaller. 

For nuclei, whose shape possesses reflection sym- 
metry, the spectrum (1) contains, for A' = 0, only 
the rotational levels with even /-values :0, 2, 4, . . . , 
which all have positive parity. The observed mass 
ratio of the fission fragments indicates, however, that 
at the saddle point the nuclear shape in general does 
not possess reflection symmetry. The rotational band 
then also contains the odd /-values, having negative 
parity; however, the negative parity levels will be 
displaced with respect to the positive parity levels by 
an amount ftw, where co is the frequency of the tun- 
nelling motion between the mirror shapes of the pre- 
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ferred asymmetry. The more pronounced the asym- 
metry is, the smaller will be w. 

In this connection it is of interest that low lying 
(1 ) excitations of the nuclear ground states have 
been observed to occur systematically in the even 
isotopes of Ra and Th with energies in the region of 
200 300 kev. 7 The energies increase as one goes to 
heavier elements. The interpretation of these states as 
collective modes of excitation associated with an 
asymmetry in the nuclear shape 8 is suggested by the 
fact that the lowest intrinsic excitations in even-even 
nuclei appear to have energies of the order of an Mev, 
and by the observed branching ratios for the El decay 
to the ground state and first excited (2+) stale, which 
indicate a A'-value of O. 9 

A I the saddle point shape one thus expects even- 
even nuclei to have a lowest state of / = 0+, and 
close lying collective excitations of 2 +, 4+ , . . . type 
us well as, although with somewhat higher energies, 
states of 1 , 3 , . . . type. 

Apart from these collective rotational excitations, 
the nucleus possesses slates involving the excitation 
of the nucleonic configuration. Since, however, these 
require the breaking of a nucleon pair, there will be a 
significant energy gap, estimated to be of the order of 
an Mev, between the lowest configuration (with 
A' = 0) and the first excited configuration. After this 
gap the spacing between intrinsic excitations is 
expected to be only of the order of a hundred kev, 
corresponding to the average spacing of individual 
particle orbits. With each such intrinsic excitation, 
characterized by a definite A', there is associated a 
rotational band with / = A', A' + 1, A' + 2, . . . and 
both parities. The rotational energies are again given 
by (1). 

In odd 1 nuclei the lowest A'-value is given by the 
component of angular momentum of the last odd 
particle in its lowest binding state. At saddle point 
this lowest A'-value will in general differ from that of 
the nuclear ground state. 10 The spacing between the 
states of the last odd particle is of the order of a few 
hundred kev, and the intrinsic excitations in odd-/! 
nuclei involve no energy gap similar to that charac- 
terizing the paired configuration in even-even nuclei. 
With each particle configuration is associated a rota- 
tional band with / = A, A + 1, . . . and both pari- 
ties assuming a preference for an asymmetric shape 
at saddle point, or a softness towards deformations of 
this type (cf. reference 9). Similarly, in odd-odd nuclei, 
the intrinsic excitations may be closely spaced. 

PHOTOFISSION 

The case of photofission of even-even nuclei pre- 
sents certain especially simple features, since in this 
case the compound nucleus is always produced in a 
(1 ) state, assuming electric dipole absorption. As 
mentioned above, the lowest (1 ) fission channel at 
saddle point corresponds to the K configuration, 
with the nuclear angular momentum taken up by ro- 
tational motion. For photon energies close to the fis- 
sion threshold, the great majority of the fissioning 



nuclei are therefore expected to pass through this par- 
ticular channel. This circumstance provides an ex- 
planation of the observed angular anisotropy of the 
fission fragments. 11 - 12 

Thus for the state involved, with 7 = 1, K = 0, 
and magnetic quantum number M = + 1 in the direc- 
tion of the incident beam of photons, the probability 
for the nuclear symmetry axis to form an angle with 
the photon direction is of the form 



W(6) = b sin 2 



(2) 



After the saddle point has been passed, the cou- 
pling between rotational and intrinsic motion may to 
some extent weaken the anisotropy, but since this last 
stage of the fission process takes place rapidly, the 
angular distribution of the emitted fragments is 
expected to be mainly of the type expressed in 
Kquation 2. 

With increasing photon energy, other channels of 
(I) type representing intrinsic nuclear excitations 
become available. Those having A = 1 give an aniso- 
tropy of opposite character to that in Equation 2 and 
on the average an approximately isotropic distribu- 
tion is expected for the nuclei passing through the 
saddle point in a state of intrinsic excitation. Thus, 
the total angular distribution becomes 



W(0) = a + b sin 0* 



(3) 



with the ratio b/a decreasing as the photon energy is 
increased. Assuming the first intrinsic excitations to 
have an energy of about one Mev (cf. above), the 
anisotropy would become small at an energy of a few 
Mev above threshold. 

The experimentally observed angular distribution 
for photofission 11 ' 13 of Th 8 " and U 23H follows such a 
pattern. The distribution is found to be of the type in 
Equation 3, with the sin 2 6 term dominating close to 
the threshold and becoming relatively small already 
a few Mev above threshold. 

The anisotropy is observed to be somewhat larger 
in Th 23 - than in U 238 , which might indicate a some- 
what larger gap in the former nucleus between the 
first collective and intrinsic (1 ) excitations at the 
saddle point. It is of interest to note, in this connec- 
tion, that the energy of the collective (1 ) excitations 
of the ground state appears to increase as one goes 
from Th to U (cf. above). 

In ocld-.l nuclei several spin states may be formed 
by absorption of a dipole quantum, and the M-valucs 
extend from / to +/. Moreover, as mentioned 
above, the quantum states at saddle point lie denser 
than in the even-even nuclei. Even rather close to 
threshold, therefore, the photofission may proceed 
through several states, and no pronounced anisotropy 
is expected. The experiments on the photofission of 
U 235 have also yielded an approximately isotropic dis- 
tribution of the fragments. 13 

The photofission of odcWl nuclei should be more 
comparable to the part of the even-even photofission 
which passes through intrinsic excitations, where the 
level density is high. It has also been noted 13 that the 
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isotropic part of the even-even photofission shows a 
similar yield curve as for the odd-A nuclei, while the 
anisotropic component appears as an additional con- 
tribution to the photofission process. 

The interpretation of the anisotropic component in 
photofission as representing the nuclei which pass 
through the saddle point in the (1) collective ex- 
citation has a further interesting consequence for the 
mass distribution of the fragments. In fact, since the 
wave function for this state is antisymmetric in the co- 
ordinate describing the degree of asymmetry of the 
nuclear shape, a nucleus in this state cannot undergo 
symmetric fission. Such a discrimination against sym- 
metric mass division has been observed experimentally 
in the photofission of Th 232 . 14 It is found that the an- 
isotropy vanishes for symmetric division and increases 
strongly with the ratio between the fragment masses. 

SLOW NEUTRON INDUCED FISSION 

Slow neutron capture by an even-odd nucleus of 
spin 7o leads to a compound nucleus of even-even type 
with spin 7 = 7o H, * lru l w i tn srime parity TT as the 
target nucleus. 

As follows from the above discussion of the spec- 
trum at saddle point only one of these spin-parity 
combinations is contained in the rotational band as- 
sociated with the lowest nucleonic configuration 
(A' = 0), viz., the state with (-1)7 = *. 

Therefore, the fission threshold is expected to differ 
appreciably, by as much as an Mev, for the two types 
of compound levels formed. This may imply a rather 
different ratio of fission to capture for the two level 
systems, especially if the neutron binding energy is 
smaller than the larger of the threshold values. 

The circumstance that slow neutron fission is ex- 
pected to proceed through one or a few channels also 
implies large fluctuations in the fission width among 
the levels of same /. The fluctuations should be simi- 
lar to those observed for the neutron width, which 
likewise depends on the presence in the compound nu- 
cleus wave function of a definite component (repre- 
senting the channel for elastic neutron scattering). 

The parity of the target nucleus may further affect 
the mass distribution of the fission fragments. Thus 
for the levels with ( 1)7 = TT, the nuclear wave func- 
tion is symmetric or antisymmetric in the asymmetry 
co-ordinate, forir = +1 and 1, respectively. In the 
latter case, symmetric fission is expected to be in- 
hibited, as in the case of the photofission (cf. above). 

If slow neutron fission of aligned nuclei could be 
studied, large angular anisotropies of the fragments 
would be expected. For the states with (I)/ = IT, 
which pass through the saddle point with K = 0, the 
distribution is directly related to the distribution of 
M-values of the compound states. For the other set of 
levels with (I)/ = IT, the distribution in addition 
depends on the A'-value of the fissioning nucleus. 

Some even-even target nuclei have also been ob- 
served to undergo slow neutron fission. For such tar- 
gets the compound states all have / = H and even 
parity, and the fission threshold depends on the en- 



ergy of the lowest K = H configuration at saddle 
point. If the intrinsic parity of this configuration is 
odd, symmetric fission should again be inhibited. 

FISSION PRODUCED BY FAST PARTICLES 

In the case of fission initiated by the impact of 
faster particles, there may be a correlation between 
the direction of the incident beam and of the frag- 
ment emission. This correlation depends on the dis- 
tribution of the /- and M -values with which the com- 
pound nucleus is formed, as well as on the /C-values 
of the states available to the fissioning nucleus at the 
saddle point. For a fission process proceeding through 
a channel with quantum numbers /, A/, K, the orien- 
tation of the nuclear symmetry axis, representing the 
direction of fission, is distributed according to the cor- 
responding symmetric top wave function. 

For relatively small energies, at which a single an- 
gular momentum state of the incident particle may 
play an important role, or close to the fission thresh- 
olds, specific effects may occur associated with the 
dominance of a single or a few fission channels. 

For larger energies of the incident particle, the fis- 
sioning nuclei may pass through a great number of 
different states at the saddle point, with different an- 
gular momentum quantum numbers. Nevertheless, a 
systematic tendency for anisotropy in the fragment 
emission results from the fact that the M- and 
A'-values are not distributed uniformly from /to 
+7, but are concentrated towards numerically small 
values. Thus, assuming the incident particle to be a 
proton or a neutron, the M-values are restricted to 
the range \M \ < 7 + H> where 7 is the spin of the 
target nucleus. Moreover, the channel spectrum is ex- 
pected to exhibit a marked preference for small 
A'- values; this is especially so for even-even nuclei, 
but also the density of A'-values for additional indi- 
vidual nucleons decreases with increasing A'. 16 

The tendency towards small values of M implies 
that for large 7, the nuclear angular momentum vector 
points preferentially in a direction perpendicular to 
the incident direction. Moreover, for small A'-values 
the nuclear axis is orientated predominantly perpen- 
dicular to the angular momentum vector. Conse- 
quently the distribution of the fission fragments per 
solid angle is peaked in the forward direction. 

An anisotropy of this type has been found for fast 
neutron fission in a number of elements. 16 The de- 
pendence of the observed anisotropy on the even-odd 
character of the target nucleus can also be understood 
from the above line of argumentation. Thus, if the 
target is even-odd (even Z, odd N), so that the com- 
pound nucleus is even-even, the AT-values at the saddle 
point are the smallest. On the other hand, the M-val- 
ues are smallest for even-even targets, in which case 
the compound nucleus has M = H- Therefore, the 
anisotropy should be relatively large for these two 
types of targets, and appreciably smaller for odd-even 
or odd-odd targets. The experiments 16 indicate com- 
parable anisotropies in U 233 , U 236 and U 238 , but only 
half the effect in Np 237 . 
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For even-odd targets, the anisotropy is expected to 
be largest for small values of the target spin /o, since 
the range of M -values is then most restricted. The 
observed small difference between the anisotropies of 
U 233 (/o = %) and U 235 (7 = 7 A) is in this direction, 
but may not be significant in view of the experimental 
uncertainties. An especially large anisotropy should 
result for Pu 239 with 7 = M- 

In order to obtain a theoretical estimate of the 
order of magnitude of the anisotropy in the fission 
fragment distribution, we may employ the classical 
approximation to the angular distribution functions, 
which becomes valid for high angular momenta. Con- 
sidering a particle incident on an even-even target and 
neglecting the spin of the particle, the compound 
nucleus has M = and the angular distribution of 
the fragments is then, in the classical approximation, 
given by 



]\'(6) = 



f 

J\ 



dT (IK 

\K\<rain 



I sin 2 



- 

e - (4) 



where /(A',7) gives the distribution in K and / of the 
fissioning nuclei. 

For simplicity, we shall represent the distribution in 
K at the saddle point by a constant for K less than 
some effective limit A' m . Moreover, in the classical 
approximation, the probability for formation of the 
compound nucleus in a state of total angular momen- 
tum /, is proportional to / up to a limiting value 7 m , 
given by 

(5) 



where R Q is the mean nuclear radius and MV the 
momentum of the particle. The distribution in Equa- 
tion 4 then depends only on the ratio x = 7 m /A' w . 
For x < 1, the distribution is iso tropic, but for larger 
x it exhibits a forward peak, which increases with x. 
The ratio TF(0)/PF(90) takes on values of about 
1.15, 1.3 and 1.8 for x = 1.25, 1.5 and 2, respectively. 
The observed anisotropy for fast neutron fission in 
U 238 follows such a general trend increasing with the 
energy of the incident neutron. 17 A maximum aniso- 
tropy of ll r (())/ir(90 ) ~ 1.4 was obtained for a 
neutron energy of about 7 Mev. For this energy we 
have /, ~ 5, so that the observed anisotropy cor- 
responds to the above estimated, if we take K m ~ 3, 
which is of the expected order of magnitude. For still 
larger neutron energies, fission processes occurring 
after neutron emission are expected to become in- 
creasingly important 18 and would seem to account for 
the observed decrease in the anisotropy of the frag- 
ment distribution. Similar anisotropies have also been 
observed in the fission of Th- and U-isotopes produced 
by protons of about 22 Mev. 18 
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Fission Physics and Nuclear Theory 

By J. A. Wheeler,* USA 



Fission physics has advanced in remarkable phase 
with nuclear theory. The compound nucleus picture 1 
of 1935 and liquid drop model 2 of 1937 correlated 3 
1939's flood of observations on fission. Now new ad- 
vances in nuclear theory shed light on newly recog- 
nized features of fission, including: (1) variations in 
fission to capture ratio from one neutron resonance to 
another, 4 (2) irregular variations in the cross section 
for neutron-induced fission for energies of the order of 
one Mev, 6 (3) correlation in direction between the line 
of fission and the line of incidence of gamma ray 6 or 
neutron 7 or proton, 8 (4) variations from one nucleus 
to another in heights of fission barriers; and fission 
thresholds for nuclei of odd mass systematically higher 
than those for neighboring even-even nuclei. This ef- 
fect leads naturally to the consideration of spontane- 
ous fission. The discovery of this phenomenon by 
Flerov and Petrjak in 1940 9 is one more reminder of 
the international character of fission physics, as of 
every other branch of science. 

All four effects find a natural place in the unified 
nuclear model. The development of this picture from 
1939 and earlier views of nuclear constitution may be 
briefly recapitulated in the following outline: 

1932 

Discovery of neutron; neutrons and protons identi- 
fied as constituents of nucleus; first stage of shell 
model; nucleus compared to atom; nucleons compared 
to electrons; hypothesis of an effective average poten- 
tial and of single particle orbits; calculated time for 
radiative transition from excited state to ground state 
of order of 1() 6 times time for nucleon to cross nucleus; 
single nucleon sent in from outside expected to have 
extremely small probability to lose its energy travers- 
ing nucleus. 

1934 

Observations of high probability for radiative cap- 
ture of slow neutron by typical heavy nuclei; quite 
incompatible with individual particle model in its 
existing form. 

1935 

Compound nucleus picture of nuclear reactions; 
emphasis placed on local character of nuclear forces 
contrasted with the smooth character of the long range 
electrostatic forces in an atom; rapid exchange of 
energy assumed to occur between one nucleon and an- 



other ; energy of incoming nucleon or absorbed photon 
regarded as distributed over all accessible degrees of 
freedom of compound nucleus; method of disposal of 
excitation idealized as independent of mechanism of 
formation of compound nucleus; probability of dissipa- 
tion of energy by kth mode of reaction (particle emis- 
sion or radiation) measured by partial transition prob- 
ability At and associated partial level with T fc = hA k * 

1936 

Analysis of behavior of cross-section in the neighbor- 
hood of a single isolated resonance; cross-section 

- _-, 2 (2/^+l) 



I initial + 1) / number of \ 
I polarization J 
\ states / 



X - 



(R - 



+ (r/2) 2 



(1) 



for reaction in which compound nucleus is formed by 
mode 1 and breaks up by mode 2. 

1937 

Compound nucleus compared to a liquid drop; sys- 
tem concluded to possess collective types of excitation 
analogous to capillary oscillations of a drop of liquid 
under restoring force of surface tension; density, p, of 
excitation levels estimated to increase with excitation, 
K, roughly as 



p(E) ~ (lowest excitation energy) 



exp 

(const E*) 



(2) 



* Princeton University. 



Probability of formation of compound nucleus by 
neutron bombardment idealized as of order of geo- 
metrical cross-section, ir/C 2 , of nucleus when reduced 
wave length of nucleon, X, is comparable to or smaller 
than R\ emission of neutrons from a nucleus of high 
excitation compared with Maxwell-Boltzmann de- 
scription of evaporation. 

1938 

Further development of statistical description of re- 
actions of nuclei that contain large numbers of par- 
ticles; simple arguments to determine excitation 
dependence of partial level widths F r for radiation, 
r p and F a for proton and alpha emission, F n for 
emission of a neutron of any energy and IV for 
emission of a neutron with the maximum available 
energy; applications of this picture to account suc- 
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cessfully for the principal features of many nuclear 
reactions. 

1939 

Discovery and interpretation of principal features 
of nuclear fission; mechanism compared with deforma- 
tion and division of a uniformly charged droplet; rota- 
tion-symmetric shape specified by the radius function 
R(B) or by the amplitudes <* 2 , :{ . . . of various terms 
in the harmonic analysis of this periodic function; 
energy of deformation, T(a), regarded as a function of 
these or similar deformation coordinates, a; energy 
calculated by comparing the nucleus with a uniformly 
charged drop of incompressible liquid, with charge Ze, 
volume (4ir/3)roM, and surface tension o, with r and 
o estimated from the relevant terms, 

4wr M*o + 3/V/5r .4 H = 13 Mev A 

+ 0.585 MevZV-'l** (3) 

in the semi-empirical formula for nuclear binding ener- 
gies; deformation energy expressible in the form 

w )/.(a) (4) 



where/, and/, are dimensionless functions of the shape 
of the deformed droplet; minimum energy required to 
pass from original nucleus to a critical deformation 
defines the "saddle point energy," or minimax energy, 
or critical energy, or activation energy for fission, or 
the fission barrier, /; this energy and the associated 
critical form are uniquely specified by the dimension- 
less fissionability parameter, x: 



45/1 



_ _ 

10/lo(4W/3) 



When this parameter has the value 1, the droplet is 
already unstable in its spherical form ; for smaller #, 
the critical energy has the form 

E t = 13 Mev A*J(x) (6) 

The dimensionless function/(#) has been calculated as 
a function of #; when the excitation of the compound 
nucleus is less than //, the nucleus has to penetrate a 
potential barrier to undergo fission; as E rises above 
Ef, fission becomes rapidly more probable; the partial 
width for fission, F/(/0, then increases almost expo- 
nentially with energy; dependence of cross-section for 
fission upon neutron energy governed by relative mag- 
nitudes of total level width, F, and level spacing, 
D = l/p(A'), as illustrated by Table 1 ; reasonable 
account given by nuclear theory for fissionability of 
natural uranium at thermal energies (U 23B ) and at 
Mev energies (U 238 ) and low fission cross section at 
intermediate energies; for the difference in fission- 
ability of these two nuclei; for the magnitude of the 
energy release in fission; for the emission of prompt 
and delayed neutrons; and for other features of the 
experimental evidence. 

It was not clear in 1939 whether predictions of the 
compound nucleus liquid drop statistical model as 
to level widths should apply to each level individually, 
or should be considered to represent average values 
for several levels. Recent observations of I). J. Hughes 
and collaborators suggest the following version of the 
relevant statistical arguments: (1) The partial width 
for transition from a single level, a, of the original 
compound nucleus to a specific level, 6, either of the 
same nucleus (radiative transition) or of another 



Table 1. Principle Regimes in the Dependence of Cross Section upon Energy. Neutron- 
Induced Fission is the Reaction Illustrated in the Table, but Radiative Capture Follows 
Similar Relations Obtained from the Simple Substitution T f - T f(ld for the Relevant 

Level Width 



Level u'idth narrower than level spacing. Cross-section 
curve shoii's well separated resonances 



Level breadth wider than level separation, 1). Relatively 

smooth variation of cross section with energy expected 

on compound nucleus picture 



Low energy; particle wave length large compared to nuclear dimensions 



Case LN. Ideal cross section at resonance is of 
order of vWr n '/r to tai 2S>irR*. Ideal cross section 
away from a single resonance of energy R is 
of order 



Case LW. Cross section for fission of order of 

iv w-,., iv 



I) Vf 



Varies as 1 /v 



For slow neutrons X 2 is proportional to 1/v 2 , 
and IV to v, so both cross-section formulae go 
as 1/0. Fraction r//l\ooi of cross section leads 
to fission 



High energy of order 1 Mev to 10 Mev; particle wave length smaller than nuclear dimensions 



Case UN. Does not occur for uranium and other 
heavy nuclei but is familiar situation in many 
reactions of light nuclei. Cross sections for 
typical reactions still follow formulae like 
those above 



Case HW. Product of first three factors above 
equal to some substantial fraction of nR* 
("unit sticking probability"). Cross section 
for fission 

^^jpJV. 



Still higher energies (above 10 Mev). Compound nucleus picture progressively less adequate. 
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nucleus (such as the residue from a process of particle 
emission) varies from level to level in an irregular way. 
However, the average of the relevant partial width or 
transition probability over a number of levels has a 
reasonably well defined value, (T fc ) or (A k ). The dis- 
tribution of individual cases about this partial width 
follows a law not fully investigated either experimen- 
tally or theoretically. However, in the case of neutron 
emission at least the preliminary observations suggest 
a quite simple law: The fraction of levels, df, which 
have a neutron partial width between T n and T n + 
dl\ is 



(7) 



Here the average width, (r n (/s,/)>, is presumed to be 
a slowly varying function of excitation. (2) The aver- 
age neutron widths, <r n (.E,/)) are such that the 
cross section for formation of the compound nucleus 
is equal to the geometrical cross section of the nucleus, 
7r# 2 , or to a reasonably large fraction thereof. This 
prediction, too, rests on the liquid drop model. (3) For 
a process such as radiation that leads from a given 
highly excited state to any one of an enormous num- 
ber of states of lower energy, the totalized radiation 
width, 

iv = r ri + r r2 + 

has a value which is practically unaffected by small 
changes in the energy of the excited state. In such a 
case the width is represented by a smoothly varying 
function of energy, T r = l\(E). (4) Another smooth 



function of energy, l\(K), will represent the proba- 
bility per second of neutron ejection, -4(jR), multi- 
plied by h, under conditions where emission processes 
leading to numerous states of the residual nucleus are 
energetically possible. When the excitation energy is 
less, and neutron loss can lead only to the ground 
state of the residual nucleus, or a very few low-lying 
levels, then one cannot predict in advance the partial 
width of the level in any given case, and one can only 
speak about the average value, (T nk (E)), expected in 
an average over a number of such cases. Similar con- 
siderations apply to the emission of other particles 
and to fission. This analysis leads to the picture of the 
fission cross sections of U 286 and U 238 presented in 
Table 2. 

1948 

Rebirth of the shell model; 11 recognition of some ap- 
proach to idealization of independent particles moving 
through a common nuclear potential, as evidenced by 
regularities in the spins and magnetic moments of 
nuclei in their ground slates, and the extra stability of 
nuclei that contain 2, 8, 20, 28, 40, 50, 82 or 126 like 
nuclcons; recognition thai superposed on the back- 
ground of the effective average potential there are cor- 
rections due to specific nucleon-nucleon couplings; 
estimate of strength of these couplings from magnetic 
moment corrections and the pattern of low-lying 
energy levels of light nuclei. 

1953 

Successful application of individual particle model 



Table 2. General Character of Cross Sections of U 235 and U 23R in Their Dependence upon Energy in the Light 
of the Compound Nucleus Liquid Drop Statistical Model 

Neutron 
energy U 7 23 * 

Thermal 



Few cv 



Many kev 



ovd - 101 X 10-" cm 2 
fffu* - 549 X 10-24 cm z 

Cross sections perhaps due to single resonance close to 
thermal energy 

Numerous characteristic cross-section resonances for which 
r r rf will be expected to be nearly the same, but IV and T/ 
may vary from resonance to resonance as in Equation 7. 
In addition to such fluctuations IV will show a general 
increase in proportion to v 

Level spacing has decreased and level width increased so 
that levels now overlap and fission cross section varies 
relatively smoothly with energy. Beginning to approach a 
value of order of <r s ~vR* ~ 2 X 10~ M cm 2 . Radiative 
capture cross section obtained by multiplication with 



ffrad = 2.8 X 10-" cm 2 ; a fiu - 

Cross section due to one or more resonances separated from 
thermal energy by an amount of order of a few ev large 
compared to the level width, V tiaa i ~ T ra d t of the rough 
order of 10" 1 ev 

Characteristic resonances with a spacing greater than that 
for U 236 because of lesser excitation. Similar fluctuations in 
TV. This quantity of order of milli ev and therefore smaller 
than Trad. Cross-section <r r ,d at resonance less than ** 2 by 
a factor of order IV/r r ad. 

IV becomes comparable with r ra d, and cross section at 
exact resonance <r ro d (res) ~ir\*. With further increase in 
energy. IV exceeds r r <*, and 



i (res) 



Region 
1 Mev 



oy 



2 X 1C)-" cm 2 

r r rf 



10 Mev Latter becomes very small, not that r rarf decreases, but 
r* = r ra d + r + T/ increases 



* 

Ultimately level widths exceed level spacings and r r *t 
becomes a nearly smooth function of energy 

Near 1 Mev the nuclear excitation becomes comparable to 
the fission barrier, r/ rapidly rises and overwhelms Trad- 
Tire fission cross section approaches 

<r, - IT/?' _ ^-- - ~ 0.5 X 10~ 2 * cm 2 

* / ~T I n 

only a fraction of geometrical because neutron emission 
is still more important than fission. When the energy of 
the bombarding neutron reaches 7 or 8 Mev, its re-evapora- 
tion with only 1 Mev leaves the residual nucleus with 
enough energy to have a second and more hopeful try 
at fission. Now <r/ approaches ir/? 2 
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to analysis of scattering of nucleons in effective aver- 
age nuclear potential; 12 recognition that means free 
path of nucleon in nuclear matter is neither so short as 
implied by the primitive liquid drop model, nor so long 
as assumed in early independent particle picture, but 
comparable to nuclear dimensions; consequent dis- 
tinction between nucleons that merely taste the nuclear 
potential, and those that exchange energy and become 
assimilated into a compound nucleus; in scattering of 
^20 Mev protons by nuclei, consequent division 18 
of scattered particles into nearly elastic group, and 
group that follows statistical predictions of evaporation 
picture; rough description of this division by way of a 
complex nuclear potential; imaginary part of potential 
measures the probability of absorption assimilation 
into a compound nucleus, the subsequent fate of which 
can then be analyzed separately. 

1954 

Beginnings of a justification of concept of effective 
average potential for strongly interacting nucleons; 14 
comparison of nuclear medium with optical medium; 
comparison of effect of scattering at individual centers 
to effect of refractive index; alteration in normal wave 
length-frequency relation interpreted in terms of 
change in effective mass of nucleon inside nucleus. 15 

1950 

First combination of independent particle model 
with idea of collective displacement of all nucleons to 



explain extraordinarily large quadrupole moments of 
many nuclei; 18 those nucleons that are not balanced 
off against each other in closed shells create un- 
balanced pressure against nuclear wall; deform nu- 
clear surface; cause bulk transport of charge and 
asymmetry in nuclear charge distribution of observed 
order of magnitude. 

1951 

Recognition 17 that deformation of nuclear surface 
can rotate; excitation associated with such collective 
rotation analyzable in terms of ideas familiar from 
molecular physics; extensive experimental evidence 
for such rotational excitations; 18 correlation of nuclear 
deformations as estimated from rotational energy 
levels, from quadrupole moments, and from isotopic 
shifts in optical spectra. 19 

1953 

Formulation of collective or unified nuclear model; 20 
common treatment for all nucleons, whether in com- 
pletely filled or partially filled shells; nearly adiabatic 
adjustment of particle motion to changing configura- 
tion of nuclear surface; nucleus more nearly analogous 
to a molecule than to an atom (Table 3); analysis of 
fission phenomena in terms of unified nuclear model. 

CONCLUSION 

Certain features of nuclear physics depend princi- 
pally on the properties of one nucleon such as the 



Table 3. Analogy Between the Collective Nucleus and a Molecule 



Property 



Molecule 



Nucleus 



Individual particle state occupied by 

Slowly varying parameters that affect 
energy of individual particle states 

Oscillation period in an example 

Fundamental period of motion of most ener- 
getic particle in same example 

Vibrational potential energy described as 
function of these one or more parameters 
by a curve or surface 



Electron 

Internuclear separations; 
Hz, ria, . . . etc. 



8 X 10- 1B sec in // 2 
~10- 1B sec 

V(ri2,ri 3 , . . .) = sum of energies of indi- 
vidual electron states plus electrostatic 
interactions not otherwise taken into 
account 



Vibrational or rotational kinetic energy Mainly localized in nuclei 



Quantum numbers required to specify state 
of excitation of system 

Exchange of energy between individual par- 
ticle excitation and general vibration of 
the system can take place at point of con- 
tact between one potential surface and an 
adjacent one, via a radiationless transi- 
tion 



Nucleon 

Parameter and other parameters that 
describe in more detail the configuration 
of the nuclear wall 

~5 X 10~ 21 sec in U 
0.3 X 10~" sec 

V( 2 ,3 . . .) - sum of energies of indi- 
vidual nucleon states calculated for a 
deformed wall plus other interactions not 
otherwise taken into account 

Increment of kinetic energy of nucleons 
because wall is moving and nodes of indi- 
vidual particle wave functions are under- 
going displacement 

Electronic quantum numbers; vibrational Nucleonic quantum numbers; oscillation 
and rotational quantum numbers and rotational quantum numbers 



Mechanism for excitation to be degraded 
into vibrational energy; important in 
polyatomic molecules, where the variation 
of two or more parameters ordinarily 
allows one to arrive at a point in con- 
figuration space where two successive 
potential surfaces make a cusp-like con- 
tact 



Mechanism for nucleonic motion to be 
degraded into collective motion, and con- 
versely for energy of collective vibration 
to be imparted to an individual nucleon, 
as for example in a nucleonic evaporation 
process. To be distinguished from direct 
energy exchanges between a pair of nu- 
cleons an independent mechanism for 
capture and evaporation. Both contribute 
to the absorption component of the com- 
plex nuclear potential 
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spins and magnetic moments of certain nuclear ground 
states, and many transition probabilities, and the 
elastic or nearly elastic scattering of merely "tasted" 
nucleons. These features can be described to a first 
approximation in terms of the independent particle 
picture and more accurately by calculations that allow 
for perturbation of the individual nucleon orbit by 
other orbits and by wall deformations. In contrast, 
collective motions such as vibration and fission receive 
their first approximate description in the liquid drop 
model. An improved analysis combines the two points 
of view and has the following features: (1) the equi- 
librium configuration of the surface is ordinarily no 
longer spherical, but depends on the nucleonic state of 
the system, (2) the restoring force, or effective surface 
tension, associated with the vibrations also depends 
upon the nucleonic state, (3) the partition of the 
energy between nucleonic and collective excitation 
will ordinarily change slowly with time except as for- 
bidden by a principle like the law of conservation of 
angular momentum. A more and more comprehensive 
view of nuclear constitution has evidently evolved and 
continues to develop hand in hand with the experi- 
mental and theoretical study of many nuclear phe- 
nomena, among which the center of interest here is 
fission. 

In the light of nuclear theory as it stands today it is 
appropriate to consider four issues of fission physics. 

Effect No. 1 

The first is a striking variation in the fission to cap- 
ture ratio between one slow neutron resonance and 
another. This effect shows in the U 235 and Pu 239 
resonances analyzed elsewhere before this conference. 
This ratio not only influences neutron economy, chain 
reactivity, and reproduction of fissionable material in 
a chain reactor, but also gives the most direct measure 
for the ratio of the partial widths, F/ and F r , with 
respect to fission and radiation. From the available 
evidence it is apparent, that both F r and F/ vary from 
level to level. 

At the nuclear excitation, 6 Mev, given by slow 
neutron capture, the number of lower-lying levels is 
very great, and the number of possible gamma-ray 
transitions is very large. Consequently it is not un- 
reasonable to expect a radiation width, F r , that is 
nearly constant from level to level, provided that the 
slow neutron is captured in an even-even nucleus to 
give always a compound nucleus of spin J^. However, 
capture in either U 235 , with spin % or %, or Pu 289 , 
with spin J^, evidently leads to two different classes of 
levels of the compound nucleus. According as this sys- 
tem possesses one or the other of two distinct spin 
values, it will make radiative transitions to different 
families of lower-lying levels and will be expected to 
have an appreciably different width, which one may 
designate by F r + and IV". 

Also dependent upon spin will be the fission prob- 
ability. The deformation potential will differ from one 
nucleonic state of the nucleus to another. Conse- 
quently the height of the fission barrier will alter from 



the one spin value to the other. The probability of 
fission depends in a critical way upon the comparative 
values of the fission barrier and the nuclear excitation. 
Below the top of the barrier the partial width, F/, will 
be an exponentially small fraction of the level spacing, 
D. A little above the top of the barrier the statistical 
theory of fission 3 predicts a ratio of average level width 
to level spacing given by 

(8) 



where N is the number of excitation levels of the 
nucleus in its critical form which are accessible with 
the given excitation of the compound nucleus. A rough 
estimate of the order of the spacing of the low-lying 
levels of the nucleus in its fission form is 0.1 Mev (all 
levels) or perhaps J^ to 1 Mev (levels of a given spin). 
At excitations of the compound nucleus of the order of 
Mev to J^ Mev or 1 Mev above the fission barrier 
one therefore expects a width to spacing ratio of the 
order 

The raiio Y//D is observed to be less than one for both 
U 2 * 5 ami Pu 239 bombarded with epithermal neutrons. 
However, the ratio is not exceedingly small compared 
to one. Consequently one concludes from Equation 9 
that E E f for epithermal neutron irradiation is 
probably some reasonable fraction of 1 Mev. 

An estimate of the difference in barrier height be- 
tween one spin state and the other, E f + Ef, gives a 
number also of the order of J^ Mev. Depending upon 
the precise value of the excitation energy, one can 
expect, from Equation 9, differences between (F/+) 
and (F/~) varying from a factor 2 to a factor 10. In ad- 
dition to these characteristic spin differences one has to 
expect statistical differences of the type described by 
Equation 7. In summary, one expects the slow neutron 
resonances of U 235 and Pu 239 to fall into two groups of 
spin values / + J^ and 7 J^. In a given one of these 
groups one expects a fission to capture ratio, R, with a 
probability 



d (probability) = exp [-R/(R] (10) 



Here the ratio 



(ii) 



may have for the two groups values that are acci- 
dentally equal, or values that differ by a factor as 
much as possibly ten. 

These predictions seem not to contradict the ob- 
servations reported elsewhere at this conference. How- 
ever, it appears too early to give a definite classifica- 
tion of each of the observed levels into the one class or 
the other, and too early to state specific values for the 
four relevant average widths, (F/.r^), for each of the 
two nuclear species under consideration. 

Effect No. 2 

As the energy .of the bombarding neutron is raised, 
the average level width increases, and average level 
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Figure 1. Observations 6 of cross section for neutron induced fission 
showing (a) regular variation of cross section with energy in continuum 
region as predicted by compound nucleus liquid drop statistical 
model; but (b) superposed on this incompletely resolved structure inter- 
pretable in analogy to Ramsauer effect in electron-atom encounters 

spacing decreases. The spectrum becomes continuous. 
At higher energies the simple compound nucleus 
liquid drop statistical model leads one to expect 3 a 
relatively regular dependence of cross section upon 
energy. However, the recent observations 6 summar- 
ized in Fig. 1 show superposed on this regular varia- 
tion in a few cases an irregular structure with a 
characteristic energy of the order of % Mev. One is 
open to believe that increase in resolving power will 
show the same effect in the other cases illustrated. 

The J4 Mev energy is large compared to level spac- 
ings of the order of 1 ev. Consequently the structure of 
Fig. 1 can have nothing directly to do with the energy 
level pattern of the compound nucleus. On the other 
hand, ^ Mev is of the right order to correspond to the 
spacing between energy levels of a single neutron in 
the average field of force of a deformed nucleus. More- 
over, observation and theory of the scattering of 
neutrons by a nucleus show that there exist resonances 
in the neutron scattering. However, these neutron 
resonances are too broad to be easily compatible with 
the observed narrow widths. It is more reasonable, as 
Aage Bohr points out, to understand the rises in 07 as 
due to the availability of a new fission channel in the 
transition state nucleus, and to understand the drops 
as due to the availability of a new channel for ine- 
lastic neutron scattering. 

Effect No. 3 

There should be no correlation between the direc- 
tion of the fission fragments and the direction of the 
neutron, proton or gamma ray that initiates the 
fission, according to the liquid drop formulation of the 



compound nucleus model. 3 In contrast, the observa- 
tions show a substantial directional correlation; and 
this correlation changes in a striking way with 
energy. 11 This effect has been discussed in considerable 
detail by A. Bohr. 

Effect No. 4 

The barrier against fission can be estimated for a 
number of nuclei from photofission thresholds, thresh- 
olds for neutron induced fission, or where thermal 
neutron energy is already above the threshold from 
partial level widths with respect to fission, as under 
effect No. 1 above. The results collected in Table 4 
show (a) a good agreement of values for fission barrier 
from neutron threshold and from photofission thresh- 
old for the compound nucleus U 23B , the only case 
where such a quantitative check appears to be avail- 
able; (b) a qualitative check between photofission 
threshold and slow neutron fissionability in the other 
two cases where a test is possible, viz., the compound 
nuclei U 233 and Pu 239 ; (c) an agreement between obser- 
vation and liquid drop model as to general order of 
magnitude of fission barriers (x = Z' 2 /4$A predicted 
from liquid drop parameters of semi-empirical mass 
formula; .v = Z 2 /47.61A to fit observed barrier height 
of U 236 ) ; (d) lack of agreement as to general trend with 
Z over the observed range, Z = 90 to / = 96; and (e) 
fluctuations from nucleus to neighboring nucleus in 
barrier heights, of the order of }/^ Mev to 1 Mev, as 
seen most clearly by comparing Th 23 ' 2 with Th 233 , and 
comparing U 233 , U 28B , U 238 and U 239 with each other. 

It is not surprising that the liquid drop predictions 
fail to give in detail the correct trend of E/ with Z and 
-1. The calculations refer to a spherical nucleus, 
whereas the actual nuclei are strongly deformed, as 
evidenced by the pattern of low-lying rotational levels 
where known. 19 - 26 The equilibrium deformations are 
estimated to correspond to a fractional increase of the 
symmetry axis of the nucleus by an amount of the 
order of 25 per cent of the value for a sphere. This 
effect can be considered as evidence for the unbalanced 
pressure against the nuclear wall due to nucleons in 
unfilled shells. This pressure will be active, not only 
at equilibrium, but throughout the course of a defor- 
mation. It will produce a general lowering of fission 
barriers by a substantial fraction of the barrier height 
itself. This lowering has of course been completely 
overlooked in the liquid drop values listed in Table 4. 
It is reasonable to look to this lowering and its 
trend with Z and A superposed on the liquid drop 
effects to account for broad general variation of 
barrier heights among the heavy nuclei. As more ex- 
tensive information on nuclear quadrupole moments 
becomes available, it may become possible to analyze 
fission barrier expectations semi-quantitatively. 

The pressure on the nuclear wall, coming from in- 
dividual nucleons, will be expected to vary from 
nucleus to nucleus in an irregular way with the process 
of shell filling. Consequently one will expect fluctua- 
tions from nucleus to nucleus in the height of fission 
barriers, as observed. In addition, one will expect 
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Table 4. Fission Thresholds from Neutron Irradiation and Photofission Experiments 
Confronted with Liquid Drop Predictions* 


Neutron-induced fission 


Compound nucleus 


Fission barrier, E/ 


Target threshold, E n 


Symbol B(Mcv) 


Observed (photofission or 
E n + B) 


Calculated (droplet) 
(f - 0.01 II) 


"S- 


SNF 
not SNF 

SNF 


Th 

Th 229 
Th 230 


7.1 
5.4 
6.7 


>~SA 


6.1 
6.4 
6.7 


5.4 

5.4 
5.4 


Th** 


not SNF 


Th 231 


5.1 


> ~5 . 1 


7.0 


5.4 


Th 231 




Th 232 


6.3 


PF 5.4 0.22 


7.3 


5.5 


Th 232 


1.05 


Th 233 


5.1 


6.2 


7.6 


5.5 


Th 234 


not SNF 


Th 23 ' 


4.6 


>~4.6 


8.3 


5.5 


9i Pa 230 


SNF 


Pa 231 


6.8 


<^6.8 


5.7 


5.5 


Pa 231 


0.45 


Pa 232 


5.5 


6.0 


6.0 


5.5 


Pa 232 


SNF 


Pa 233 


6.7 


<~6.7 


6.2 


5.5 


Pa 233 


not SNF 


Pa 234 


5.2 


> ~5 . 2 


6.4 


5.5 


2 U 232 


SNF 


U233 


5.9 


PF 5.18 027. 


5.0 


5.5 


U233 


SNF 


U 234 


6.7 


<~6.7 


5.3 


5.5 


U 234 


0.28 


|J23B 


5.3 


| 5.6 1 
\PF5.31 0.27J 


5.5 


5.5 


U 23r> 


to ~l Mev 


XJ23B 


6.4 


^^6 ? 


5.8 


5.5 


U 280 




XJ237 


5.4 




6.0 


5.5 


U 237 




U238 


6.0 


PF5.08 0.15 


6.3 


5.6 


TJ38 


0.92 


XJ239 


4.8 


5.7 


6.5 


5.6 


U239 




U 240 


5.9 




6.8 


5.6 


3 Np 234 


SNF 


Np 235 


7.0 


<^-7.0 


4.4 


5.5 


Np 887 


0.25 


Np 238 


5.4 


5.7 


5.1 


5.6 


Np 238 


SNF 


Np 239 


6.2 


<~6.2 


5.3 


5.6 


Np 239 


not SNF 


Np 240 


4.9 


> 4.9 


5.6 


5.6 


!MPu 238 


SNF 


Pu 239 


5.7 


PF5.31 0.25 


4.3 


5.6 


Pu 239 


to 1 Mev 


p u 240 


6.4 


5.4 to 6.9 


4.5 


5.6 


p u 240 




Pu 241 


5.5 




4.7 


5.6 


p u 24l 


SNF 


Pu 242 


6.1 


<^6.1 


4.9 


5.6 


96 Am 241 


not SNF 


Am 242 


5.5 


> ~5 . 5 


3.9 


5.6 


Am 242 


SNF 


Am 243 


6.3 


<-6.3 


4.1 


5.6 


Am 243 




Am 244 


5.1 




4.3 


5.7 


..Cm- 




Cm 243 


5.7 




3.2 


5.6 


* Neutron kinetic energy, /{", required for 
appreciable fission cross sections (^0.03 X 10~ 2<l 


thresholds on the liquid 
formula R/ = 13 Mev A 


drop 
"/(* 


model use the 
2 . 47.61/1), with 



cm 2 ) estimated in the five listed cases from the 
smooth curves of cross section as a function of 
energy given in reference 5. The two negative 
values of ^~0 I Mev originate in the text. The 
indications SKI*-- slow neutron fissionable and 
its opposite in the second column come from 
Ci. T. Scaborg 22 and arc defined by him to mean 
respectively 07 greater than or less than about 
10" 24 cm 2 . The estimates for neutron binding 
energies come from Glass, Thompson and Sea- 
borg! 23 The photofission thresholds arc desig- 
nated by PF in the table and are due to Koch, 
McKlhinney and Gasteiger. 24 The calculations of 



the first constant taken from the semi-empirical 
mass formula, the second constant adjusted to 
give l*.f = 5.5 Mev for U 235 (for which one has 
two independent determinations of //), and 
/(*) a smooth curve with the limiting behavior 3 
0.260 - 0.215.V at small x, ("MasKl/*) 1 - 
( 113fi ?<U425)0 --v) 4 near x = 1, passing 
through the points 2B (.v,/) - (0.9, 0.0007); (0.81, 
0.0050); (0.77, 0.009.,); (0.74, 0.0136); and (0.65, 
0.0400). The last column shows a better fit to 
the data with the constant value / = 0.0111. 
Additional evidence about fission barriers from 
spontaneous fission rates has not been considered. 



systematically higher barriers for odd-A nuclei than 
for neighboring even-even nuclei, for a reason that is 
most simply visualized in the framework of the ex- 
treme independent particle picture. At one deforma- 
tion of the nucleus those individual particle states 
that lie lowest will differ from those states that lie 
lowest at another deformation will differ in respect 
to the quantum number, U, of rotation about the 
nuclear symmetry axis. This difference will be irrele- 
vant for an even-even nucleus. One has only to fill the 
lowest available states, pairing off nucleons with 
quantum numbers 12 and ft, in order always to gel 
spin 0. However, when the number of neutrons, for 
example, is odd, then the unpaired neutron if placed 



in the lowest unfilled state will have for one deforma- 
tion an 11 value different from what it has at another 
deformation. But the 12 value of the nucleus as a 
whole is a reasonably good constant of motion, and 
will not be expected to change during a deformation. 
Consequently an odd-A nucleus that is deformed, 
starting with its equilibrium deformation, will be 
promoted to a state of higher energy, as illustrated for 
example by the curve for 12 = % even parity, in 
Fig. 2. On this account fission barriers will be expected 
to be higher for odd-.-l nuclei than for neighboring 
even-even nuclei by an amount estimated 27 to be 
roughly of the order of 0.7 Mev. This increase appears 
adequate 27 to account for the fact that half-lives with 
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Figure 2. Approximate increment to be added to the energy of a 
nucleus with a given deformation in the lowest nucleonic state to achieve 
a state of specified spin and parity. This "specialization energy" gives 
an estimate of the increase of fission barrier for an odd-A nucleus com- 
pared to neighboring even-even nuclei. The curves for specialization 
energy are built up by addition from the single particle energies 
calculated on the idealized independent particle model 27 and therefore 
have illustrative value only 

respect to spontaneous fission are longer 28 for odd-A 
nuclei than for neighboring even-even nuclei by a 
factor of the order of 10 34 1 . 

Spontaneous fission rates and rates of other proc- 
esses that limit nuclear stability have recently been 
projected 27 to the region of very large masses, with the 
results shown in Fig. 3. From this diagram one sees 
that fission and neutron emission dominate the sta- 
bility analysis of very heavy nuclei. In so far as one 
can extrapolate the stability criteria for very heavy 
nuclei, one is led to expect the existence of nuclei 
twice as heavy as known nuclear species, that can be 
created by massive neutron irradiation, and that will 
live long enough to be studied in the laboratory. 




Figure 3. Estimated limits of nuclear stability. Diagram based on refer- 
ence 27. In the dotted region a substantial fraction of the nuclei have 
estimated half-lives greater than 10~ 4 sec. One will expect a little way 
outside the dotted region occasional nuclei of high spin or of otherwise 
exceptional properties which will also live at least as long as 10~ 4 sec. 
The limits to the stability of superheavy nuclei are set primarily by 
neutron escape (too high a ratio of neutrons to protons) and by spon- 
taneous fission (too high a ratio of Z 2 to A). Calculations of energies were 
based on the semiempirical mass formula and the rate of spontaneous 
fission was determined by a simple extrapolation procedure. 27 The 
extrapolations may be appreciably in error. However, it seems reason- 
able to look for nuclei with a well defined existence with masses perhaps 
two or more times heavier than the heaviest nucleus now known, TOO 266 . 
Massive neutron irradiation of existing heavy nuclear species is an 
appropriate means to build such superheavy nuclei 
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The Time Involved in the Fission Process 

By Dragoslov Popovic,* Yugoslavia 



It was usually assumed that the time required for 
the fission process is short due to the high probability 
of fission when the excitation energy of the nucleus is 
higher than the fission threshold. Consequently the 
radiative capture probability in a fissionable nucleus 
should be low, since the time required for this process 
is relatively long. 

The incomplete measurements of the time required 
for fission 1 - 2 did not give a definite experimental proof 
of the above assumption. On the other hand, Bohr and 
Wheeler 3 came to the conclusion, based partly on the 
measurements of Anderson el a/. 4 which led to a \/v 
dependence of the fission cross section of uranium-235 
in the low energy region, that the fission width of 
U 236 (I 1 /) is of the order of 100 ev, which led to the 
lifetime of the compound nucleus uranium-236 of 
if ^ 10~ 17 sec. 

Since the lifetime of heavy nuclei for the radiative 
capture should be longer than 10 r 14 sec (I\ < 0.1 ev) 
the probability for the (n,y) process should be 1,000 
times smaller than that for fission in uranium-235. 

The release of the thermal cross sections of uranium- 
235 (<r/ ^ 550 barns and a ^ 100 barns) 6 contradicted 
the latter and led to the following conclusions: 

(1) The lifetime of the compound nucleus uranium- 
236 is not too short. 

(2) The fission width T, is not extremely large so 
that the fission resonances arc not smoothed off. 

The measurements of the fission cross section of 
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uranium-235 as function of energy 6 revealed pro- 
nounced resonances. The resonance at E ~ 0.27 ev 
shows the total absorption width and hence approxi- 
mately the fission width of 

I 1 / = 0.1 0.04 ev 

which leads to the lifetime of the compound nucleus 
uranium-236 for fission of 

T t = (7 3) X 10- 15 sec 

The level spacing found is of the order of 1 ev. 
Hence, the period of the wave function of the system 
or the time for which the distribution of energy 
among nucleons repeats is approximately 

P = 4 X 10 16 sec 

The above result means that the lifetime of the 
compound nucleus is of the same order of magnitude 
as the period of the system. Due to the high prob- 
ability of fission the time required for it is short but 
has to remain within the limits of the period of the 
system. 
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Statistics of Photographic Fission Tracks and Range Estimate 
of Fragments 

By J. S. Auslander and T. Visky,* Romania 



If a nucleus contained in a nuclear emulsion by 
impregnation, or otherwise, is fissioned by impact 
of a slow neutron, e.g., in a reaction of the type 
Li 6 (n,a)H 8 -the ranges of the fission tracks cannot be 
estimated directly, as, because of momentum con- 
servation, the track must be a straight line, the origin 
of which is not distinguished from other points. 

One of the indirect methods is that proposed by 
Chastel, 6 which we shall call henceforth the "length 
method." It is based on the fact that if only those 
tracks are selected which touch with one of their ends 
the glass-emulsion surface, the shortest total length 
which may appear is 7?i, i.e., the shorter of the two 
fission fragment ranges, while the longest one is 
R 55 Ri + Rt, where R* is the longer of the two fission 
tracks. These sharp steps of the corresponding dis- 
tribution function would appear, if there were no 
fluctuations of range. Actually the distribution is 
"broadened" by the fluctuations. 

This method is cumbersome in manipulation, as it 
implies knowledge for each track of both its projec- 
tions and the computation of its real length by aid of 
the shrinkage factor, which must be measured too. 

We have proposed a variant of this method, which 
will be called henceforth the "projection method." It 
consists essentially in the substitution of the histo- 
grams of real length r by those of the horizontal pro- 
jections p of the tracks. 

The distribution function 7 y '(p) of these projections 
has been calculated. The results were published in 
three papers. 1 ' 2 - 8 A detailed account of the calcula- 
tions leading to these results is in press. 4 

Firstly, the calculations were carried out under the 
simplifying assumption of absence of fluctuations, in 
order to obtain a general view of the different cases 
which may arise for different emulsion thicknesses //. 
The results for the case // > R are published in refer- 
ence 1 ; those for the cases R> II > R*, 7? 2 > U > RI 
and /?!>//> and their subcases and variants are 
published in reference 2. 

In the more important case, when the fluctuations 
of range are not neglected, 3 there appear a lot of com- 
putational difficulties (numerical integrations). For 
this reason in reference 3 it is always supposed that 
II > R. 
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The other assumptions are as follows: 

(a) The fissionable atoms are distributed uniformly 
in the emulsion in all its depth. 

(b) The incident neutron flux is distributed uni- 
formly over the whole surface of the emulsion. 

(c) The neutron intensity is constant over all the 
emulsion thickness, i.e., the neutron absorption is 
negligibly small. 

(d) The fission fragments are emitted isotropically 
in all directions. 

(e) The probability \fr(Lj) dLj of appearance of a real 
length Lj of the j branch of the track (j = 1 or 2) is 
assumed to be of the Gaussian type 



exp 



f - 
I 



where R } (Lj) is the mean range of the j fragment. 
We must also mention that the distribution func- 
tion /''(r) of the real lengths was calculated too, 3 since 
in his paper Chastel 6 gives no explicit expression of this 
function. Tn the interval < r < RI, we get, with the 
assumptions specified below, the following expression 



SH 



a, 



a* 



(2) 



where the error function is defined, as usually, by 



erf / = ~ exp (-Z 2 ) </, 
o 



(3) 



In all other intervals of r the function F(r) is ex- 
pressed, too, by additive combinations of error func- 
tions of the type shown in Equation 2. 

From Equation 2 there follows a limitation for the 
applicability of the length method. If there exists a 
large enough r interval, beginning with r = 0, in 
which practically erf [(R 2 r)/a 2 ] = constant, then, 
but only then, [dF(r)/dr] r = Kl 7* 0, while 



i.e., F(r) has an inflection point for r = RI, the de- 
termination of which yields the value of RI. The r 
interval must be large enough to enable one to choose 
a Gauss curve which fits the experimental histogram; 
such an interval will exist, if the ratio Ri/R* has a 
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value far enough from unity. Otherwise the length 
method can yield no estimate of RI or JR 2 . 

In the calculation of the fluctuated distribution 
function F(p) of the horizontal projections p, two more 
simplifying assumptions have been introduced which 
are not in agreement with reality. 4 It has been 
checked by test computations that their iniluence is 
negligible. 4 

Finally, the following expression of F(p) is obtained 



dr 



(4) 



where the summation extends over all functions 
*< (r,p), defined below, which exist, i.e., are not naught, 
in the corresponding interval, and R min and r max are the 
extreme r values compatible with the given value of p. 
In the following definition of 4\-(r,p) the index 
i(i = 1 or 2) denotes the fragment directed outward 
to the glass and index k(k = 2 or 1) the fragment 
directed inwards toward the emulsion. Then we have 
in the intervals specified in each line: 

< r < Ri - *,(r,p) 



4/7 



- r - R , r - R k 
erf erf 

Ok O-k 



(6) 



The integrals in Equation 4 have to be computed 
numerically or graphically; the limits of integration, 
r min and r^x, depend not only on the p interval con- 
sidered, but also on whether p < r min or p > r min . 
Table 1 gives r min and r mal for all pairs of r and p 
intervals; the last column contains a symbol, the 



meaning of which is denned, e.g., for the pair of 
intervals < r < /^andO < p < Riby 

(la) m f Rl ^(r y p)dr (7) 

J P 

where $i(r,p) is given, according to Equation 5, by 



By aid of the symbols from Table 1, Equation 4 
may be written explicitly for the different p intervals 
as follows: 



0<P<Ri 
Ri<P<R* 
R Z < P <R 
R < P < > 



/(p) - (la) + (l&O + (IcO 
(2o) + (2ai) + (260 + (2cO (9) 

= (1*0 + (leO + (WO 
+ (2a,) + (260 + (2cO (10) 



+ (WO + (2*0 



= (Id,) + (2*) 



(ID 
(12) 



With these formulas we have computed F(r) (Fig. 1) 
and /?(p) (Figs. 2 and 3) for the following two ex- 
amples: Ri/R* = H ^ n <l Ri/Rz = %i- The encircled 
points in Figs. 2 and 3 show the peaks which would 
appear in F(p), if it were calculated without fluctua- 
tions, 1 as a broken line. All these plots were computed 
under the most unfavourable presumption Oj = IKj. 

Figures 2 and 3 show that in both cases the maxi- 
mum of the F(p) plot yields an acceptable estimate of 
RI. The errors implied by the projection method are 
illustrated by the following facts. The displacement 
of the maximum with respect to RI is ^8% for 
Ri/R* = H (Fig. 2) and 7% for R^R Z = ^ 
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(Fig. 3). As can be seen from Fig. 1, in the second case 
the length method 6 is unable to yield any value of RI 
at all. In a case similar to R\/R = %, quoted by 
Chastel 6 as his only example, the experimental error 
is 13.5%. 

Even taking into account that the above displace- 
ments combine with " broadening' 1 by experimental 
fluctuations in the histograms, we may infer that the 
experimental errors of both methods are of the same 
order. 

Briefly, our conclusions are as follows: 

(a) The length method is limited to not too small 
values of the ratio Ri/R*. Tn this respect the projec- 
tion method applies to a larger interval of Ri/Rz. 

(b) The experimental errors are of the same order 
for both methods. 

(c) The projection method has a series of advantages 
over the length method. It does not require the kn6wl- 
edge of the vertical track projections, nor of the 
shrinkage factor, and avoids the computations of the 
real length of each track. Furthermore, the situation 
is represented in a direct, visual manner; there is no 
need to carry out such operations as the choice of a 
Gauss curve which fits best to the experimental histo- 
gram and the determination of the inflection point 
co-ordinates. These operations, avoided by the projec- 
tion method, involve by necessity a certain degree of 
arbitrariness. 

It should not be left unmentioned that both the 
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Studies on the Nuclear Photoeffect 



By M. D. de Souza Santos, J. Goldemberg, R. R. Pieroni, E. Silva, Ottavia 
A. Borello and Suzanna S. Villa^a,* and J. Leite Lopes,t Brazil 



ABSTRACT 

Photonuclear reactions induced in several elements 
by the X-ray beam of the University of Sao Paulo 
24 Mev Betatron were accurately measured by means 
of the residual activity technique. 

Thresholds and cross-sections for different photo- 
nuclear processes were measured with a fairly high 
accuracy and are discussed in this paper. 

Some influence of shell structure on the photo- 
processes is presented. 

INTRODUCTION 

Jn the experiments described in this paper, the 
source of X-rays of a variable energy was a 24 Mev 
betatron of Kerst's design. lt2 - 3 The magnet was made 
by Allis-Chalmers Mfg. Co., and the machine and 
auxiliary circuits were installed by the laboratory 
staff of the University of Sao Paulo. 

Although the electronic circuitry is conventional in 
its main aspects and follows quite closely the Uni- 
versity of Illinois' design, 2 - 3 some circuits, however, 
were developed at our laboratory in order to provide 
the machine with a long-term stability of the electron 
beam energy. 

Our machine has been in operation since 1951; the 
experience accumulated during the first years of oper- 
ation has shown that most of the difficulties con- 
nected with the energy stability of the beam were 
due to the energy control system which was similar 
to the precision device used at the University of 
Saskatchewan. 4 

Fundamentally, the energy control in an induction 
accelerator is obtained when the magnetic field, which 
determines the momentum of the electrons at the 
equilibrium orbit, reaches a pre-determined value. It 
is not easy, however, to measure directly this mag- 
netic field so that use is made of a method developed 
at the University of Illinois. 2 - 3 

Although the magnetic induction B, which deter- 
mines the electron momentum is not easily obtained, 
the applied emf across the magnet coils is immediately 
available. This emf determines the rate of change ft 
of the guide field; its time integral represents, there- 
fore, a measure of the magnetic induction B and, 

* Laboratories dc Fisica Nuclear, Universidade de Sao Paulo. 
Brazil. 

f Faculdade Nacional de Filosofia, Universidade do Brazil 
and Centre Brasileiro de Pesquisas Fisicas, Rie de Janeiro. 
D.F., Brazil. 



hence, of the momentum of the electrons at the equi- 
librium orbit. The voltage developed across the 
armatures of a condenser, charged by this emf through 
a large resistance, is a direct measure of the required 
instantaneous value of B and is available as a voltage 
of the same frequency of, and practically in phase 
with, B, provided that R/C is properly chosen. 

In our energy control circuits this integrated emf 
is compared with a pre-determined adjustable emf in 
a double triode amplitude comparison circuit whose 
characteristics can be checked at any time. Whenever 
the variable voltage just equals the reference emf, a 
signal is delivered to the grid of the expander circuit 
and the beam is expanded on to the target. The 
circuits used for this purpose are illustrated in Figs. 
1, 2, 3, 4 and 5. 

Most of the work described in this paper was 
carried out with a pumped donut provided with a thin 
gold radiator which was attached to the injector 
structure and located at 1.2 cm from the equilibrium 
orbit. Previous experiments 5 have shown that no 
multiple passages did occur under the experimental 
conditions used. 

The machine was excited by means of an alternator 
driven at a predetermined frequency by means of an 
electronically controlled magnetic clutch. This device 
allowed the machine to be driven at its resonant fre- 
quency under constant magnet excitation during the 
experiments: by this procedure, no frequency effects 6 
on the energy scale were observed and the amplitude 
effect 6 was, under the most unfavorable conditions, 
smaller than 16.4 kev per a one volt change in magnet 
amplitude. 




Reference volUfe 



Figure 1 



169 



VOL II 



P/897 



BRAZIL 



M. D. de SOUZA SANTOS ef a/. 




Amplifier 



Figure 2 



During a six-month period, in which most of the 
experiments were made, it was found that the most 
common cause of drift in the energy control was due 
to a temperature effect in the integrator resistance 
stack. This is a systematic error which was eliminated 
by immersing the RC network in a temperature con- 
trolled oil bath. A smaller temperature systematic 
effect could still be observed and was duly corrected 
by keeping the Weston standard cell, used to check 
the reference voltage of the energy control circuit 
under constant temperature. With these precautions, 
it was found that a very small effect (smaller than 



Amplitude comparison 



could be attributed to a 40C change in the 
magnet temperature. This systematic error, when re- 
quired, can be corrected by measuring the magnet 
temperature at the different irradiations. 

By using the procedure outlined above, it was 
possible to keep the energy stability of the machine 
within 3 kev (for an electron beam energy of 17.5 mev) 
in short periods, whereas the long term stability is of 
the order of 10 kev. A typical stability curve, for 
which the above discussed temperature effects were 
not corrected, is reproduced in Fig. 6. 

The measurement of the machine energy stability 
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was made by means of repeated irradiations, at dif- 
ferent times, of a boric acid pressed cylinder in a re- 
gion of the activation curve of oxygen 16 for which the 
slope was t.5% per a 10 kev change in energy. 

THRESHOLD DETERMINATIONS 

The excitation functions of photoinduced nuclear 
reactions show that as the peak energy of the brems- 
strahlung spectrum is increased, the cross-section for 
photodisintegration rises slowly from zero at the thres- 
hold energy E t and reaches a maximum in the region 
of the so-called giant resonance. Near the threshold, 
the behaviour of the excitation function depends on 
the disintegration process investigated, on the nature 
of the process responsible for the absorption of the 
bombarding photon and, in the particular case in 
which a single neutron is emitted, on the angular mo- 
mentum of the outgoing particle. 

At low energies (of the order of 10 Mev), magnetic 
dipole and electric quadrupole absorption are impor- 
tant and start to drop at about 20 Mev. At high en- 
ergies, however, the absorption is strongly increased 
by the onset of dipole absorption. 7 

The examination of the behaviour of the excitation 
function near the threshold has been discussed by sev- 
eral investigators; 8 - 9 - 10 experimental data available 
show that although there are several instances in 
which the excitation function rises slowly due mainly 
to magnetic dipole and electric quadrupole absorp- 
tion, there are several others for which a steep rise is 
observed and the cross-section analysis shows only 
the contribution due to the giant resonance (dipole 
absorption). A rapid rise in activity is thus expected 
whenever the energy of the incoming photons exceed 
the threshold energy. 



In the instances, however, where the threshold for 
the process under consideration is located in the re- 
gion of magnetic dipole and electric quadrupole ab- 
sorption, a slow increase of activity with the excess 
energy of the bombarding photon over the threshold 
is to be expected. 

The considerations sketched above show that an ac- 
curate experimental determination of the thresholds 
for photonuclear reactions can only be obtained 
through the extrapolation of an experimental curve 
whose shape cannot be predicted accurately (due, 
mainly, to the lack of precise knowledge of the shape 
of the tail of the bremsstrahlung spectrum); as the 
obtained curves are smooth in a small region and since 
in most cases its curvature cannot be significantly ap- 
preciated, a good fit is obtained by calculating the 
least squares straight line and extrapolating it to zero 
yield. 

Sometimes a parabolic rise is observed at the thres- 
hold; in this case a least squares fit of a quadratic ex- 
pression is the best criterion available; a point is then 
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determined unambiguously and is considered as a 
measurement of the threshold energy. A further check 
on this value can be obtained by observing the in- 
duced yield for energies just slightly below or above 
this extrapolated energy. In some instances, this has 
turned out to be quite an accurate procedure to locate 
a threshold within an error of 0.1%. This is a tedious 
procedure, however, since the activities are usually 
just above the natural background. 

Another procedure which can be used to determine 
unambiguously the extrapolation point was suggested 
by Parsons and Collie 9 and has been used widely by 
several investigators. 11 ' 12 If one assumes that the yield 
I' for a given process increases with some power n of 
the photon excess energy over the threshold, (ft Qo), 
a plot in a double logarithmical scale of the expression 
T = k(to fl ) n allows the value of the threshold to 
be calculated. Since however, an assumption is made 
on the behaviour of the excitation function near the 
threshold, this value, although unambiguously deter- 
mined, may be different from the actual threshold. 

The measured thresholds reported in this paper 
were obtained by means of the induced activity tech- 
nique and the least squares extrapolation, as de- 
scribed above, was used in most instances. 

Experimental Arrangement 

Cylindrical samples of compressed material under 
about 8000 psi were used in most cases. They were 
designed to fit snugly over a Victoreen Thy rode coun- 
ter encased in a lead castle. The thickness of the sam- 
ples was chosen in every instance in order to get a 
source of infinite thickness. This procedure was chosen 
in order to get the maximum counting rate under a 
given irradiation. 

The cylindrical samples were irradiated at 30 cm 
from the X-ray target and the irradiation dose was 
measured by means of a Victoreen thimble ionisation 
chamber immersed in a lucite block whose sides were 
8 cm long. 18 Whenever high doses of irradiation were 
necessary, a Hammer dosimeter was used under the 
same experimental conditions. 

Energy Scale 

The energy control system of the University of Sao 
Paulo's betatron gives a linear dependence between 
the variable reference emf and the momentum of the 



electrons at the equilibrium orbit prior to the expan- 
sion of the beam towards the X-ray target. This de- 
pendence can be verified at any moment during irra- 
diation by means of the checking controls incorporated 
in the circuit. In particular, it is possible to calibrate 
the energy scale by means of a dc variable emf con- 
nected to the input of the cathode follower tube. This 
circumstance has turned out to be a useful feature 
to provide a quick check on the working conditions of 
the whole energy control system. 6 It can be shown 
that the relationship between the kinetic energy of 
the electrons that strike the target at a pre-deter- 
mined value of the reference voltage energy control 
is given by 

[E max (E max + 1.02)]* = A(R + B) (1) 

where R is the variable arm of the reference emf po- 
tentiometer and A and B are constants. A depends 
upon the constants of the integrator and energy con- 
trol circuits, the radius of the equilibrium orbit, the 
target radius, the true phase shift between the mag- 
netic field and the integrated voltage across the con- 
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denser of the integrator stack and of the character- 
istics of the pulse applied to produce the expansion of 
the orbit towards the target. 14 

These constants could be both, in principle, calcu- 
lated without difficulty since B represents the dis- 
placement of the reference voltage introduced by the 
standing current in the cathode follower dropping 
resistance; this voltage can be accurately measured 
by means of either a sensitive voltmeter or by a 
potentiometer. 

The constants A and B were both determined 
experimentally by measuring the thresholds of 
(y,n) reactions in light elements. Equation 1 was used 
then as an interpolation formula, and it will be seen 
that the linear relationship holds within the accuracy 
of the experimental data. Indeed, since nuclear masses 
are not yet well enough known to enable small sys- 
tematic departures from Equation 1 to be detected, 
small departures from the ideal conditions assumed in 
the derivation of this equation are thus found to be 
smaller than the errors introduced by mass-differences. 

The thresholds used in this calibration were: 16 



O l (7,)O J - 
C(7,*i)C 

which are, respectively, 10.543 0.0168 Mev, 15.957 
0.012 Mev, and 18.707 0.027 Mev. Those values 
should still be corrected by the energy of the recoiling 
nucleus after the photon capture 

Kr = Ef/2mc* 

and we get then 10.549 0.017 Mev, 15.605 0.012 
Mev and 18.728 + 0.027 Mev respectively. 

Although the dc check on the energy scale calibra- 
tion leads one to the certainty that there is a linear 
relationship between the reference voltage (as meas- 
ured by the potentiometer arm R in ohms) and the 
momentum of the electrons at the equilibrium orbit, 
the introduction of a third point allows a better inter- 
polation of Equation 1 in the experimental data. 

EXPERIMENTAL RESULTS 
I. Nitrogen 

Cylinders of dicyandiamide (N4C2H4) compressed 
under 8000 psi were used in these determinations. The 
samples used fit snugly over the thyrode counter used 
to detect the N 13 activity induced by the (7,**) 
process in N 14 . The purity of the samples used was 
checked by measuring its decaying activity during 
several half-lives (Ty, = 10.1 min.). 

The obtained activities as a function of the maxi- 
mum energy of the betatron X-rays are illustrated in 
Fig. 7, where the points were obtained in integrator 
steps of 100 ohms. The extrapolated threshold occurs 
at 21,850 ohms. It can be observed that there is a 
sharp break at 23,200 ohms which corresponds to the 
contribution of an excitation level in the N 14 excited 
nucleus and which had not been observed before by 
betatron irradiation. This level occurs at 11.38 Mev 



5_ 




and has been observed by several investigators as 
quoted by Ajzenberg and Lauritsen. 16 

II. Oxygen 

Samples of compressed boric acid, also under 8000 
psi were used in this experiment. A purity test was 
made by following the induced activity due to O 15 
during several half-lives. The excitation function 
obtained is illustrated in Fig. 8. There is also a sharp 
break of the excitation function which is attributed 
to an excitation level in the O 18 nucleus and which 
has been observed before. 10 - 17 The extrapolated 
threshold for this (7,**) reaction occurs at 30,440 ohms. 

III. Carbon: CMy.fiJC" 

In order to study the C 12 (7,w)C 11 reaction, pieces 
of polyethylene tubing were used. A check on their 
purity was made by irradiating the samples during 
one half-hour and following the induced activity for 
several half-lives; a pure C 11 activity of 20.5-min half- 
life was observed. 

The obtained extrapolated threshold lies at 35,600 
ohms. The small activity, just above background was 
found to be a 10-munite half-life activity ascribed to 
the N 14 (7,)N U reaction in N impurities (see Fig. 9). 

With the data obtained on these three reactions, a 
least squares fit was made to Equation 1 which ran 
then be written as 

UW&-. + 1.02)]* = "2.428 + 0.593 R 

This equation has been used in the determination of 
the thresholds of the reactions which will be described 
below. 

IV. Chlorine: CI 35 (y,w)CI 84 

The threshold for this reaction can be computed by 
taking into account the known mass differences of 
both nuclides; 18 since the maximum energy of the 
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emitted positrons from Cl 34 is known to be 4.5 Mev, 
the threshold for the process is found to be 12.58 
0.09 Mev. 19 

The threshold was determined by means of the 
induced activity in CCU samples measured in a liquid 
counter. A pure 33-minute (T^) activity was ob- 
served and constitutes an independent check on the 
purity of the CC1 4 employed in our measurements. 
The obtained results are represented in Fig. 10. The 
observed threshold for this reaction is found to be 
12.35 0.035 Mev. 

V. Iron: Fe 84 (y,w)Fe 53 

Cylindrical samples of iron were used in this experi- 
ment; their purity was known by chemical analysis 
and was further checked by the induced activity 
under betatron irradiation. The threshold is located 
at 24,150 ohms which corresponds to 11.90 0.07 
Mev (Fig. 11). The previous values for the threshold 
of this reaction were quoted as 14.2 0.4 Mev 20 and 
13.8 0.2 Mev. 8 This value of the threshold cor- 
responds to the rapid rise of the activity which is 
found in the region C of Fig. 11. One should expect 
this region to be the beginning of the contribution due 
to electric dipole absorption whereas the slow initial 
rise is a contribution of both magnetic dipole and 
electric quadrupole absorption. This region was 
missed by the investigators who examined this reac- 
tion before. 

In order to examine whether this activity was not 
due to impurities, a very careful series of tests was 
made. The half-life of the induced activity in the re- 
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gion BC was measured in each point and was found to 
be typical of the Fe 53 activity (T& = 9 min). A 
chemical analysis of the samples showed no traces of 
copper in the amounts required to be responsible for 
the yields observed. 

VI. Copper: Cu 6S (y,w)Cu G2 

Electrolytic copper cylinders were used and their 
purity was examined by radioactive procedures. 
Special care must be exercised in this threshold de- 
termination owing to the fairly large capture cross- 
section of Cu 65 for slow neutrons, leading to the 5-min- 
ute half-life activity of Cu 66 . 

The obtained results are illustrated in Fig. 12 
where the extrapolated threshold occurs at 21,870 
ohms which corresponds to 10.54 0.04 Mev. This 
value .agrees with Birnbaum's 12 observed threshold 
within the experimental errors. Previous measure- 
ments have located this threshold at 10.90 0.2, 20 
10.90 0.2 and 10.8 O.2. 8 - 21 

Since it is usual to calibrate the betatron energy 
scale with the Cu 63 (7,w)Cu 82 threshold as a standard 
point, this error must have influenced a number of 
earlier threshold measurements. 

The threshold value as calculated from mass dif- 
ferences gives 10.00 0.10. 22 Since no cascade 
gamma rays between 350 and 650 kev have been ob- 
served, 28 the mass-difference must have an error of 
540 kev. 

VII. Zinc: Zn 4 (y,w)Zn G3 

Cylinders of pure /inc were irradiated and the resid- 
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ual activity was measured in our standard arrange- 
ment for cylindrical samples. The obtained results are 
illustrated in Fig. 13. Below the threshold an activity 
of 5-minute half-life was detected and found to be due 
to /n 87 (7,/>)Cu 66 . If the contribution of this activity 
is subtracted, the extrapolation gives for the threshold 
23,620 ohms which corresponds to 11.58 0.06 Mev. 
The same extrapolated value was obtained by 
extrapolating to zero yield by means of the procedure 
described by Parsons and Collie 9 as illustrated in Fig. 
14. This value agrees within the experimental errors 
with the threshold as calculated by using mass differ- 
ences 22 as 11.435 0.058 Mev. 

VIII. Zirconium: Zr 90 (y,n)Zr 89 * 

Discs of pressed zirconium oxide were irradiated at 
several betatron energies and the decay of the 4.4- 
minute activity was followed by an automatic count- 
ing system; the results are presented in Fig. 15 which 
locates the threshold for this reaction at 24,100 ohms, 
which corresponds to 12.20 0.06 Mev. The values 
previously obtained for this threshold by other inves- 
tigators were: 12.1 O.I 24 and 12.3." 

IX. Silver: Ag 109 (y,w) Ag 108 

Silver cylinders were used as samples in these 
experiments and were irradiated at several betatron 
energies. Since Ag 107 has a high cross-section for slow 
neutron capture, it is impossible to avoid some con- 
tribution of this process even for irradiation energies 
below the threshold and which is ascribed to neutrons 
originated both in the X-ray target and donut walls. 
By subtracting this contribution in the yield curve, the 
threshold can be located at 18,900 ohms which corre- 
sponds to 8.78 0.04 Mev (Fig. 16). Previous values 
of this threshold were: 9.3 0.5, 20 9.05 0.2 11 and 
9.07 O.7. 12 

X. Samarium: Sm 144 (y,w)Sm 143 

Discs of pressed Sm 2 O 3 were irradiated at different 
betatron energies and the induced 9.03-minute half- 
life activity measured in our standard counting ar- 
rangement. The obtained results located the threshold 
at 9.60 0.05 Mev (Fig. 17). 
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Element 


Threshold 
(Mev) 


v( M ) 


E mai 


fffdE 
(Mev-b) 


Width 
(Mev) 


Cl" 


12.35 


7.4mb 


18.75 Mev 


0.02 


3.3 


K" 


13.00 


13.8mb 


18.25 JVIev 


0.04 


2.6 



CROSS-SECTIONS 

In the course of the experiments carried out in our 
laboratory, cross-sections for several photonuclear re- 
actions were computed by means of the photon differ- 
ence method. 26 

In this paper, some typical or peculiar ones will be 
described. 

I. Chlorine: CI 35 (y,w)CI 34 and 
II. Potassium: K 39 (y,w)K 38 

Cylinders of compressed KCl at a pressure of 8500 
psi were used in these experiments and irradiated by 
the betatron as shown in Fig. 18. The samples were 
irradiated for a period of time of the order of ten min- 
utes and the decay of the induced activities was fol- 
lowed for three hours: the activities measured were 
the 33-minute half-life positron emitter Cl 34 and 
7.7-minute K 88 . The dose to which the samples were 
submitted was measured by means of a Victoreen 
condenser r-meter. 

Analysis of the decay curves obtained at several en- 
ergies gave the initial saturated activity induced in 
the samples. The absolute rate of disintegration was 
determined by computing the number of active nuclei 
in an irradiated disc of compressed KCl, since for 
discs the determination of the geometric efficiency of 
the counting arrangement is less cumbersome. Correc- 
tions were made for self-absorption and self-scattering. 

The disintegration scheme used in these computa- 
tions for Cl 84 is that given by King 19 and for K 38 the 
one quoted by Low and Townes.- 7 The results ob- 
tained for the activation curves are represented in 
Fig, 19. From these one can obtain the cross-sections 
for the (y,ri) reactions in C1 3B and K 39 . The results are 
shown in Fig. 20. 

The significant data obtained from these curves is 
presented in Table 1. 
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III. Zinc: Zn fl My,n)Zn 03 , Zn 6 M7,2n)Zn fla , 
and Zn' m (7,<)Cu 64 

Cylinders of pure zinc were irradiated at a distance 
of 30 cm of the betatron target during times ranging 
from 5 to 20 min, and the activity induced was meas- 
ured by a cylindrical counter for 72 hours; in this way 
it was possible to separate the activities originated in 
the following reactions: 

Zn 64 (7,w)Zn 68 with a half-life of 38 minutes, emit- 
ting positrons of 2.36 and 1.40 Mev. 

Zn 64 (7,2w)Zn 62 of half-life of 9.3 hours, emitting pos- 
itrons of 0.66 Mev, in equilibrium with Cu 62 . 

Zn 6 (7,n)Cu 64 with half-life of 12.8 hours emitting 
positrons of 0.57 Mev and beta rays of 0.66 Mev. 

The 9.3- and the 12.8-hour activities were separated 
by absorption techniques. Some activity due to Zn 68 
formed by neutron capture in Zn 67 with 14-hour half- 
life had to be subtracted from the long lived isotopes 
mentioned above. 

The absolute rate of disintegration of a Zn disc was 
determined by comparison with a copper sample ir- 
radiated in the same conditions; the other activities 
were determined by comparison with the 38-minute 
activity. It was possible in this way to obtain the ac- 
tivation curves for the reactions listed above; the re- 
sults are shown in Figs. 21, 22, and 23. From those 
curves the cross-sections of Figs. 24 and 25 were ob- 
tained. The activation curve for the Zn 64 (7,2w)Zn 62 
reaction determines the threshold for this reaction at. 
20.35 + 0.35 Mev. 

The results for the Zn 6B (7,Wp)Cu 64 are very inter- 
esting although measurements were not made above 
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22 Mev; at 21 Mev the ratio of the (y,n) to the 
(y,n*) cross-sections is 1.6: the same ratio computed 
from the evaporation model gives ~6 X 10 s . 28 The 
yields for those reactions at the same energy are 200; 
this constitutes a confirmation of the results obtained 
by Byerly and Stephens for the emission of photo- 
deuterons from copper. 29 The need of a special mecha- 
nism to explain the emission of photo-deuterons is 
clearly necessary. 

IV. Sulfur: S 32 (y,<)P 30 

Pressed cylinders of sulfur powder were irradiated 
at different betatron energies in the same arrangement 
already described for zinc measurements. The residual 
nucleus P so is a 2.5-minute (half-life) positron emitter. 

The activities obtained were compared to the ac- 
tivity of a boric acid sample in order to obtain the 
absolute rate of disintegration. The known activation 
curve for the reaction O I6 (7,)O IB was used for that 
purpose. The resulting activation curves and cross- 
sections are shown in Fig. 26. 

The results obtained in this measurement can be 
compared with those of Katz and Penfold 80 for the 
same reaction. The first interesting point to observe 



is that our samples were 10 times heavier than those 
of Katz and Penfold; one can then be fairly confident 
of the results obtained close to the threshold. As we 
can see, in Fig. 26, the activation curve rises slowly 
from the threshold of the (?,</) reaction at 19 Mev up 
to 20.5 Mev where the (y,np) reaction comes in, and 
then increases rapidly; this can be interpreted as the 
contribution of the (y,np) process that adds to the 
(y,d). At these energies the ratio of the cross-section 
for the reaction (y,n) as measured by Summers-Gill 
cl a/. 31 to the (T,) is six. Using the evaporation 
model one gets for the same ratio ~400. Here we 
have again, clearly stressed, the need of a special 
mechanism to explain the emission of photodeutcrons 
by nuclei. 

V. Iron: Fe B4 (y,)Fe M 

Iron cylinders were used in a measurement of the 
activation curve of the (?,) reaction of the 9% abun- 
dant Fe 64 . Special care was taken in the measurements 
of the energy region immediately above the threshold, 
since this region presents some peculiarities. 
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Table 2 



Threshold 



Ema* 



Ge 

Ge 


12.1 Mev 
9.3 Mcv 


20 Mev 
18.9 Mev 


0.125b 
0.243b 


0.59Mev-b 
l.SMev-b 



The activation curve obtained in the form of counts 
per roentgen is shown in Fig. 27, The cross-section 
computed from it is shown in Fig. 28 normalized to 
the cross-section for the same process as measured at 
the University of Saskatchewan. 82 The agreement be- 
tween the two curves is very good in the region of the 
dipole resonance, but, at lower energies our curve 
shows a knee typical of the contribution of magnetic 
dipole or electric quadrupole absorption. This be- 
haviour has been found before in light nuclei, like 
oxygen and nitrogen. 83 - 84 It is interesting to find this 
peculiarity in such a middle A nucleus like iron 
(A = 54). 

VI. Germanium: Ge 70 (y,w)Ge 69 and Ge Tfl (y,)Ge 75 

Irradiation of natural germanium in the betatron 
beam allows the study of the following (y,n) reac- 
tions: Ge 70 (7,w)Ge 69 which decays into Ge 69 by 
positron emission with a half-life of 40 hours, and 
Ge 76 (7,)Ge 7B which decays by beta ray emission into 
As 76 with a half-life of 82 minutes. 

A very small contribution to the activity is due to 
neutron capture reactions, but an analysis of the de- 
cay curves of irradiated germanium permits the sep- 
aration of thl activities of Ge 69 and Ge 7B . 

Samples of two grams of germanium were irradiated 
during ten minutes close to the betatron X-ray tar- 
get and their activity was measured with an end win- 
dow counter. In order to obtain the absolute rate of 
disintegration, the usual corrections were applied and 
the disintegration schemes quoted by King 19 were 
utilized. 

The activation curves so obtained are shown in Fig. 
29, and the corresponding cross-sections are illus- 
trated in Fig. 30. The yields obtained at 18 Mev for 
the above reactions fit quite well the yield data of 
Price and Kerst. The threshold obtained in our meas- 




urement for Ge 70 at 12.1 + 0.2 Mev indicates that 
the disintegration scheme for germanium-69 suggested 
by Way and Wood 85 is correct. 

The cross-sections present the peculiarity of a maxi- 
mum cross-section at an energy anomalously high; 
however, as the obtained data were limited to a maxi- 
mum energy of 22 Mev, it was not possible to obtain 
the falling part of the giant resonance. The "shoulder" 
present in the part of the cross-section immediately 
above the threshold indicates the presence of absorp- 
tion of photons due to magnetic dipole or/and electric 
quadrupole. 

The characteristics of the determined cross-sections 
are shown in Table 2. 

VII. Samarium: Sm 144 (7,)Sm 143 

Discs of pressed samarium oxide were irradiated at 
several energies in order to obtain the activation curve 
and cross-section for this reaction. Some effort was 
spent to obtain also more information on the char- 
acteristics of the radioactivity induced in Sm 144 by 
betatron irradiation. 

The irradiated samples were counted with an end 
window counter, and the decay curve was followed 
for approximately 3 hours; besides a long-lived ac- 
tivity present in the samples with a half-life of the 
order of 50 hours, an activity of the order of 10 min 
half-life was observed. This activity has been found 
before by liutement 30 and assigned tentatively to 
Sm us . As will be shown this assignment is confirmed 
by our measurements. 

The half-life of this activity was accurately meas- 
ured to be 9.03 0.02 min. The disintegration scheme 
was studied roughly by absorption methods and the 
information obtained that Sm 143 decays by the emis- 
sion of 2.6 Mev positrons; no other gamma-rays were 
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found besides the annihilation radiation. Using this 
data, the activities obtained at a number of energies 
were compared with a copper sample irradiated in the 
same conditions, and the absolute rate of disintegra- 
tion computed. 

The activation curves so obtained are shown in Fig. 
31; from this curve the cross-section was obtained 
and is shown in Fig. 32. The yield per mole/r/min at 
18 Mev is 0.24 X 10 T . Interpolating in the yield data 
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Figure 28 

of Price and Kerst 87 one gets for the same nucleus 
0.93 X 10 7 ; our result is then lower than the expected 
by a factor 4. If the reaction responsible for the 
9.03-min activity is Sm 147 , which is the other possible 
assignment for this activity, our yield would be lower, 
by a factor of 20, than Price and Kerst's; this seems 
very unlikely to be the case. 

The remaining disagreement of a factor of 4 might 
be explained by the existence of an undetected iso- 
meric transition state in Sm 143 ; Sm 143 belongs to one 
of the "islands of isomerism" indicated by Goldhaber 
and Hill. 3 * 

VIII. Lead: pb 2or + 20 My,)TI 20tH20T 

This reaction was studied in order to gain informa- 
tion on the validity of the evaporation model for the 
lead nucleus. Since the gamma-it cross-section has been 
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measured before, 39 the knowledge of the gamma-/> re- 
action in the above mentioned isotopes might permit 
a comparison with theory. 

The experiment can be made easily by residual ac- 
tivity methods since both Tl 206 and Tl 207 decay by 
emission of beta rays of approximately the same en- 
ergy, 1.51 and 1.45 Mev respectively; besides that, 
the half-lives of those isotopes is approximately the 
same, 4.23 and 4.76 min. Although a separation of the 
contributions from Tl 206 and Tl 207 was attempted us- 
ing the fact that the first does not emit gamma rays 
whilst Tl 207 emits some of 0.87 Mev, this attempt 
failed: a gamma-ray crystal spectrometer using a one- 
inch thick Nal scintillator was assembled but the rel- 
ative intensity of the gamma-rays in Tl 207 is so small 40 
(0.005) that few counts were obtained. 

The results of this work refer then to the sum of the 
contributions of Pb 207 and Pb 208 . Cylinders of natural 
lead were irradiated at several energies and counted 
in a cylindrical counter. Due to the high mass of the 
cylinders, it was possible to measure the activation 
curve down to 11 Mev; the thresholds for the reactions 
lie around 8 Mev. 41 
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The absolute rate of disintegration was determined 
irradiating discs of Pb and Cu together and compar- 
ing their activities. After the usual corrections, the 
activation curve was obtained and is shown in Fig. 33; 
the cross-section computed from it is shown in Fig. 34. 

Using this cross-section and assuming that the (y,n} 
cross-section for the sum of the isotopes Pb 207 and 
Pb 208 is the same as the (7,^) cross-section for natural 
lead, one can compute at each energy the ratio 
<r(y,n)/a(v,p). The same ratio was computed from the 
evaporation model, and the results are shown in 
Table 3 and in Fig. 35. 

Table 3 



E (Mev) 



Experiment 



Evaporation model 



12 


135,000 





13 


13,000 





14 


7400 


200,000 X 10* 


15 


3350 


17,000 X 10< 


16 


1470 


3000 X 10< 


17 


600 


740 X 10 4 


18 


230 


290 X 10 4 


19 


80 


96 X 10 4 


20 


26 


38 X 10 4 



An analysis of this ratio shows that not only the 
evaporation model fails to account for the number of 
emitted protons by a factor 10 4 but, besides, it gets 
increasingly worse at low energies. 

GENERAL DISCUSSION 

The advent of the 24 Mev betatron has made it 
possible, in the last few years, to accumulate a wealth 
of information on the photonuclear processes in the 
intermediate energy range. It has turned out that, in 
most nuclides for which the different modes of decay 
of the compound nucleus have been examined, a 
valuable information on the behaviour of the processes 
responsible for the absorption of the electromagnetic 
radiation is obtained. In two particular instances in 
which the de-excitation of the compound nucleus by 
gamma-ray re-emission was studied, it has turned out 
that this effect is not larger than about 10% of the 
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of the mean squared displacement (r 2 )^ of a nucleon, 
in the nuclear ground state, as 



Figure 35 

gamma-neutron mode of de-excitation. 42 - 43 On the 
other hand, it has been fairly well established that the 
de-excitation by a single neutron emission is the pre- 
dominant mode of decay of the compound nucleus. 

P'rom the considerations outlined above it follows 
that a good estimate of the absorption processes of the 
electromagnetic radiation by the atomic nuclei is given 
by the analysis of gamma-neutron processes. 

A common feature of the measured cross-sections 
for photonuclear reactions is that the cross-section 
rises slowly at threshold and stays practically constant 
for a while rising then in a typical bell-shaped curve 
which is often referred to as the "giant resonance." 

Several theories have been put forward to explain 
the nature of this giant resonance ; 44 - 4M8 amongst these 
theories Levinger and Bcthc's is based on considera- 
tions which are quite independent of the nuclear 
model. In particular, the integrated cross-section for 
photon absorption, as calculated by these authors, 
makes use of the quantum mechanical sum rules, and 
gives predictions which are well verified by the 
experimental data available. 39 ' 47 

Another result of this theory is that the harmonic 
mean energy Wa for photon absorption, in the region 
of the giant resonance, can be expressed as a function 

so 



w = 

* 
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Here, <y(E) is the nuclear absorption cross-section of 
photons of energy E, x is the fraction of the neutron- 
proton force which is of exchange nature, and M is 
the nucleon mass. 

As the integrals that occur in the equation above 
can be obtained from the experimental data, it is 
possible to compute (r 2 )* and, therefore, to gain some 
insight on the sub-units which are responsible, in a 
nucleus, for the dipole absorption. 

In Fig. 36 is illustrated the behaviour of (r 2 ), as a 
function of A for the experimental data available and 
from the measurements reported in this paper. In the 
same figure two theoretical curves are drawn, corre- 
sponding to a model in which the neutrons are free to 
move inside the nuclear boundary, as defined by its 
radius, and for a model in which the sub-units re- 
sponsible for photon absorption are assumed to be 
alpha particles. 

It seems that the available data strongly substan- 
tiate the model in which, most of the time, the nu- 
cleons are clustered as alpha particles. 

An effect of closed shells on the photonuclear phe- 
nomena has been pointed out. by Nathans and Hal- 
pern. 48 These investigators have found that magic 
nuclei show an anomalously narrow giant resonance 
half -width. The criterion used to evaluate the half- 
width, however, is not free from criticism since they 
consider in their measurements of the total neutron 
yield all the modes of de-excitation of the compound 
nucleus in which neutrons are emitted. As the thresh- 
olds for these processes are quite independent of the 
dipole absorption mechanism, fortuitous contribu- 
tions may mask any effect that might be due to the 
shell structure. As, on the other hand, it is well 
established that the sudden rise of the cross-section of 
the giant resonance up to 0*0* is in an interval of 
excitation for which the predominant mode of decay 
Js by single neutron emission, a good criterion to avoid 
the difficulties just discussed could be to take into 
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account the first half of the giant resonance curve to 
examine whether a magic number effect exists, 

As one can see by examining Fig. 37, a good cri- 
terion to evaluate the onset of the dipole absorption 
for a given nucleus is to determine the point in which 
a straight line drawn through the points for which 
ff^max and <r ma x intercepts the energy axis. The dis- 
tance from this point to the energy at which <r is 
maximum is practically twice as large as one half of 
the half-width. 



The results obtained by plotting dE against the 
atomic number are given in Fig. 38. The data used in 
these computations given in the references at the end 
of this paper. As one can observe, there is no clear 
evidence for a magic-number effect in this graph. 

From very general considerations on the properties 
of magic-number nuclides, one should expect that 
neutrons in an excited compound nucleus should have 
a smaller chance of being emitted as compared with a 
non-magic one at the same excitation energy. Indeed, 
as follows from Bohr's concept of the compound nu- 
cleus 49 the level density in a heavy nucleus increases 
rapidly with the excitation energy; it is obvious, 
therefore, that the sudden drop in the neutron binding 
energy which is observed in nuclei beyond magic 
numbers cause a corresponding increase of level den- 
sity for the same excitation energy. This argument 
suggests a criterion to put in evidence any effect that 
might be due to shell-effects. 

If we consider a typical cross-section as represented 
in Fig. 37, one can define a parameter A which is a 
magnitude dependent on the level densit y, and, there- 



Table 4 



Element 



Threshold 



b(Mev) 



Reference 



c 


6 


M 


7 


O 


8 


Na 


11 


Mg 


12 


Al 


13 


Si 


14 


P 


IS 


S 


16 


Cl 


17 


A 


18 


K 


19 


Ca 


20 


Cr 


24 


V 


23 


Mn 


25 


Fe 


26 


Co 


27 


Mi 


28 


Cu 


29 


Cu 


29 


Zn 


30 


As 


33 


Br 


35 


Kb 


37 


Nb 


41 


Mo 


42 


Ag 


47 


In 


49 


Sb 


51 


I 


53 


La 


57 


Ta 


73 


Au 


79 


Bi 


83 


U 


92 



6 

7 

8 

12 

12 

14 
14 
16 
16 
18 

20 
20 
20 
26 
28 

30 
28 
32 
30 
34 

36 
34 
42 
46 
50 

52 
50 
62 
66 
70 

74 
82 
108 
118 
126 
146 



12 
14 
16 
23 
24 

27 
28 
31 
32 

35 

38 
39 
40 
50 
51 

55 
54 
59 
58 
63 

65 
64 
75 
81 
87 

93 
92 
109 
115 
121 

127 
139 
181 
197 
209 
238 



18.70 
10.54 
15.60 
12.10 
16.0 

14.0 
16.9 
.12.4 
15.0 
13.0 

10.5 
12.5 
15.8 
13.4 
10.8 

10. 
11.7 
10.2 
12.0 
10.6 

10.2 
11.6 
10.1 
10.0 
9.3 

8.7 
13.1 
9.3 
9.0 
9.3 

9.1 
8.0 
8.8 
7.9 
7.4 
6.0 



20.6 
19.3 
21.8 
15.4 
18.2 

17.5 
18.8 
16.2 
18.0 
16.8 

15.0 
17.5 
18.0 
16.8 
15.5 

14.5 
17.7 
15.0 
15.5 
14,5 

14.1 
14.5 
13.0 
14.0 
14.7 

14.5 
15.1 
13.2 
12.5 
12.4 

13.2 
12.5 
11.5 
11.4 
11.6 
9.5 



1.9 

8.8 
6.2 
3.3 
2.2 

3.5 
1.9 
3.8 
3.0 
3.8 

4.5 
5.0 
2.2 
3.4 
4.7 

4.5 
6.0 
4.8 
3.5 
3.9 

3.9 
2.9 
2.9 
4.0 

5.4 

5.8 
2.1 
3.9 
3.5 
3.1 

4.1 
4.5 
2.7 
4.1 
4.2 
3.5 



39, 51 

34 

34 

39 

51 

39 

52 
30 
31 
this paper 

56 

this paper 

52 

50 

50 

39 

this paper 

39 

32 

13 

13 

this paper 

39 

53 
54 

39 

54 
55 
39 
13 

39 
34 
13 
39 
39 
56 
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Figure 39. Shell effect in photonuclear reactions 
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fore, takes into account the steepness of rise of the 
cross-section. 

For magic nuclei and neighbours one should expect 
A to be larger than for the others. The results ob- 
tained by computing this parameter for several 
nuclides are represented in Fig. 39 and in Table 4. 

The shell structure is clearly exhibited in this curve 
at nuclides for which JV is equal to 20, 28, 50, 82, 126 
and the effect is neater for high mass-numbers. 

The work described in this paper was supported 
with funds from the University of Sao Paulo, and, in 
part, by the Conselho Nacional de Pesquixas. 
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Angular Correlation of Fission Neutrons 

By K. Skarsvog,* Norway 



INTRODUCTION 

An experimental curve of the angular dependence of 
coincidences between fission neutrons can tell us how 
many neutron pairs are emitted by opposite fragments 
and by the same fragment. Since the average number 
of neutrons emitted per fission is 2.5 O.I, 1 and the 
probability of emitting neutrons is about thirty per 
cent greater for the light fragment than for the heavy, 2 
the mean square of the number of neutrons emitted 
per fission can be found by a neutron-neutron coinci- 
dence experiment. Previous measurements by De 
Benedetti et al* were uncertain at small angles, and 
we have therefore attempted to perform more accu- 
rate measurements in this region. 

EXPERIMENTAL PROCEDURE 

A beam of collimated slow neutrons was taken out of 
an isotope channel in J. E. E. P. The outer part of the 
collimator was of steel (32 cm long) and the inner part 
of graphite (132 cm long). The diameter of the opening 
was at the outer end 1.35 cm, and the collimated 
beam had a semi-angle of 0.9 degrees. 

A block diagram of the experimental arrangement 
is shown in Fig. 1. As U 23G was not available, natural 
uranium metal was used. For slow neutrons (0.025 ev) 
the total cross section of uranium metal is a = 16 b 4 
which gives a mean free path of X = 1.3 cm. For fast 
neutrons (1 Mev) the corresponding values are v = 
7 b and X = 3.0 cm. 

Measurements were made for three dimensions of 
the uranium: 4.2 cm in length and 2.54 cm in diame- 
ter; 2.5 cm in length and 1.5 cm in diameter; and 
1.3 cm in length and 1.5 cm in diameter. 

The detector consists of a cylinder or button used in 
conjunction with a 6260 E.M.I, photomultiplier tube. 
The button is molded of Kaldcnf powder mixed with 
ZnSj powder and Kalden liquid. The detector is 
therefore very similar to the Hornyak detector. 8 The 
diameter of the button is 35 mm. The button contains 
J'tj ZnS by weight. The efficiency of the detector for 
fission neutrons was measured for different thicknesses 
of the button. It was found that the optimum thick- 
ness of a button containing J^ ZnS was 6-7 mm. 

Pulses from the last dynode of the photomultiplier 
are fed to a cathode follower, amplified in a one loop 
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linear amplifier and fed to an E.F.P. 60 circuit dis- 
criminator.* The anode pulses from this circuit are 
counted by a scale of 256 and the secondary emission 
grid pulses are fed to a 6 BN6 coincidence circuit. 
The coincidence pulses are selected by a Schmitt 
trigger circuit and counted by a scale of 16. 

Pulses produced by gamma rays in the detector are 
of shorter duration than the neutron pulses. 7 The 
ratio between the fast neutron counting rate and 
the gamma counting rate depends therefore upon the 
value of the RC time-constant at the input of the 
photomultiplier cathode follower. With a grid resistor 
of 10 12 a favourable neutron to gamma sensitivity was 
obtained, in the neutron-neutron coincidence meas- 
urements a photomultiplier voltage was used which 
corresponds to an efficiency of less than 2 X 10~ 4 % 
for Na 24 gamma-rays and 0.8% efficiency for Ra-Be 
neutrons, the cylindrical side of the button facing the 
source. 

The detector is not only sensitive to fast neutrons 
and gamma-rays, but also to slow neutrons. In the 
neutron-neutron coincidence measurements a sheet 
of cadmium was used for shielding against the slow 
neutrons scattered in the uranium piece. The gamma 
pulses being smaller than the slow neutron pulses, the 
background was reduced in this way. 

Due to the variable delays resulting from the differ- 
ent sizes of the pulses accepted in the pulse height 
selector, genuine coincidences are lost. A curve show- 
ing the number of genuine coincidences as a function 
of the resolving time was recorded. For resolving 
times 2r = 10 7 sec and 2 X 10~ 7 sec respectively, 
60% and 90% of the genuine coincidences are re- 
corded. In order to keep the coincidence rate stable, 
the resolving time 2r 2 X 10~ 7 sec was chosen. 
The resolving time was then stable to a few per cent, 
and the stability of the coincidence rate was within 
statistics. 

COINCIDENCE MEASUREMENTS 

In the first scries of measurements the uranium 
radiator was 4.2 cm in length and 2.54 cm in diameter. 
The distance between the collimator and the radiator 
was 70 cm. In order to obtain a reasonably good angu- 
lar resolution the cylindrical side of the button was 
facing the uranium radiator. The distance between 
the radiator and the button was 7.5 cm. Measure- 
ments were done at 36 degrees, 45 degrees, 60 
degrees, 90 degrees, 120 degrees, 150 degrees and 180 
degrees. The background counting rate, due to uncolli- 
mated and scattered fast neutrons and gammas, was 
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Figure 1. Experimental arrangement 



found to be approximately given by the counting 
rate with the uranium radiator replaced by a lead 
scatterer of the same dimensions. The individual 
counting rate was 20,000 cpm and the background 
counting rate was 10% of this. The counting time for 
one angle was one day or one night. The points were 
recorded in such a sequence as to make it easy to 
detect any drift of the apparatus. The resolving time 
was measured by placing the detectors in the neutron 
beam, with a distance of 2 m between them, or alter- 
natively, one of them in the beam from another chan- 
nel. The resolving time was found to be independent of 
the counting rate. The resolving time was measured 
during the course of one night, with a standard error 
of less than 2%. One week was required to record a 
curve. Several curves were recorded in order to test 
the reproducibility. Fluctuations in the individual 
counting rates were assumed to be due to fluctuations 
in the efficiencies of the detectors. The genuine coinci- 
dence rate was therefore reduced to individual count- 
ing rates of 18,000 cpm by assuming the genuine 
coincidence rate to be proportional to the product of 
the individual counting rates. 

Typical values recorded during one week arc given 
in Table I. 

The errors given are standard errors due to the 
counting statistics. It was considered possible that the 
shape of the curve could depend upon the discrimina- 

Table I. Typical Values 



Angle, degrees 



Coinc. per min. 



36 


.65 0.11 


45 


.48 0.09 


60 


.22 0.08 


90 


.07 0.07 


120 


.06 0.08 


150 


.39 0.08 


180 


.64 0.08 



tor level. A run with less amplification with a counting 
rate of 12,500 cpm was therefore performed. The 
background counting rate was 4%. The curve was 
normalized to the same counting rate as before. No 
appreciable difference was found. 

For small angles a fast neutron can be detected by 
one detector and scattered into the other. De Bene- 
detti et al. z corrected for this effect by replacing the 
U 235 radiator by a Po-Be fast neutron source. As has 
been remarked in reference 3, the effect of scattering 
cannot be expected to be exactly the same for fission 
neutrons and Po-Be neutrons, due to the difference in 
energy distribution. Another approximation was 
therefore applied. The uranium piece was replaced by 
a Pb scatterer of the same dimensions. By putting a 
uranium slug in the centre of the channel a high flux 
of fast neutrons was obtained at the scatterer. The 
counting rate was 5000 cpm with the lead scatterer 
in position and 700 cpm without the lead scatterer. 
The coincidence rate was normalized to 18,000 cpm 
by assuming the coincidence rate to be proportional 
to the individual counting rates. A correction of 0.17 
0.05 cpm was found at 36 degrees, i.e., (10 3)%. 
The fission spectrum is deformed by inelastic scatter- 
ing, however. Due to this fact and due to the high 
counting rate without the scatterer in position, the 
uncertainty in the correction is somewhat larger. 

In order to improve on the angular resolution and 
reduce errors due to the large size of the radiator a 
second series of measurements was performed with a 
piece of uranium 15 mm in diameter and 25 mm long. 
The distance between the collimator and the uranium 
piece was 13 cm. Measurements were made at 30, 60, 
90, 120, 150 and 180 degrees. The curve was recorded 
for three photomultiplier voltages corresponding to 
counting rates of 9600, 12,800 and 16,000 cpm and a 
background of 4%, 5% and 6%, respectively. Each 
curve was repeated twice in order to check the sta- 
bility and to improve the statistics. Measurements 
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were performed at degrees, one detector 13 cm behind 
the other, for the two highest photomultiplier voltages 
used. In order to avoid shielding of the farthest by 
the nearest button, a run was also made at 5 degrees 
(at the middle photomultiplier voltage). No apprecia- 
ble difference was found between the curves at the 
three photomultiplier voltages. Measurements were 
also done in order to correct for coincidences due to 
scattering. Since the ratio between the elastic and 
inelastic scattering cross section is greater for bismuth 
than for lead, 8 the uranium radiator was replaced by a 
bismuth scatterer instead of a lead scatterer. The 
results were reduced to an individual counting rate of 
12,000 cpm. A correction of 0.123 0.022 coinci- 
dences/min was found at 30 degrees. The uncorrected 
value at 30 degrees being 0.761 0.036 coincidences/ 
min, the correction was (16 3)% and the corrected 
value (0.638 0.042) coincidcnces/min. The correc- 
tion at degrees cannot be found by simply placing the 
two detectors in a collimated fast neutron beam, as the 
neutrons from the uranium radiator are collimated. As 
an approximation the correction was taken to be that 
measured with one detector in the beam and the other 
at an angle of 10 degrees with the beam, as seen from 
the first detector. The correction was found to be 
0.0193 0.0058 coincidences/min when normalized 
to 12,000 cpm for the detector nearest the neutron 
source. The uncorrected value at degrees being 
0.0977 0.0096 coincidcnces/min, the correction 
was (20 6)% and the corrected value 0.0784 
0.0112 coincidences/min, and when normalized to 
12,000 cpm for the other detector, 0.811 0.116 
coincidences/min. The values of the coincidence rates 
then become those shown in Table TI. 

Table II. Corrected Rates 



An^lf, degrees 



Coinc. per min. 





30 

60 

90 

120 

150 

180 



0.811 0.116 
0.638 0.042 
0.524 0.036 
0.455 [0.029 
0.503 ;0.036 
0.681 (0.040 
0.762 0.032 



As will be seen the minimum is slightly more pro- 
nounced in this series of measurements than in the 
first one. 

As a Ra-Be source of the same dimensions as the 
uranium radiator was available, the coincidences due 
to scattering with this source were measured. A cor- 
rection of 0.174 0.020 coincidences/min was found 
at 30 degrees and 0.0452 0.0063 coincidences/min 
at degrees, i.e., (23 3)% and (46 8)%. This 
shows that the correction obtained with a Ra-Be 
source is too large, and since the energy distribution of 
Po-Be neutrons and Ra-Be neutrons is not very dif- 
ferent it can explain the result of De Benedetti et al. 

A third series of measurements was made with spe- 
cial care to reduce the coincidences due to scattering 



at degrees. When a neutron is elastically scattered by 
a proton, the recoil proton energy E p is given by 

E p = sin 2 6 

where 6 is the angle of deflection and EQ is the original 
energy of the neutron. Since the lowest detectable 
recoil proton energy is of the order of 0.2 Mev, 6 the 
coincidence rate due to scattering can be reduced by 
reducing the dimensions of the radiator and the de- 
tectors. The length of the uranium piece was therefore 
reduced to 1.3 cm and the sides of the button were cut 
as parallelepipeds with widths equal to the radius of 
the original buttons. Measurements were made at 
0, 5, and 180 degrees, and the counting time for one 
angle was 5000 min. The measurements were normal- 
ized to 8400 cpm. The uncorrected values at and 5 
degrees were 0.0450 0.0043 and 0.0495 0.0044 
coincidences/min. A run was made with one detector 
in the beam and the other at an angle of 0, 5 and 10 
degrees with the beam as seen from the first detector. 
The coincidence rate is rather constant in this region 
of the angle and the corrections at and 5 degrees 
were found to be 0.0090 0.0020 and 0.0090 0.0010 
coincidences/ min respectively. The corrected values 
at degrees were then 0.0360 + 0.0047 and 0.0405 
0.0045 coincidences/min respectively. When nor- 
mali/ed to 8400 cpm in the second detector the values 
at 0, 5 and 180 degrees were as shown in Table III. 
This is in good agreement with the measurements at 
and 180 degrees in the second series of measurements. 

THE THEORY OF THE EXPERIMENT 

The choice of the model of emission of fission neu- 
trons is guided by the fact that it must give the labo- 
ratory energy distribution of fission neutrons 9 and also 
the angular distribution, relative to the direction of 
motion of the fragments, of the fission neutrons as re- 
corded by Fraser. 2 

The following assumptions are made: 

1. Isotropic emission in the centre-of-mass system 
of fragment and neutron. 

2. A Maxwell-Boltzmann energy distribution in the 
c.m. system 



where Q is an energy which corresponds to the "tem- 
perature" of the fragment and ij is the neutron energy 
in the c.m. system. 

3. Fragment velocity at the time of neutron emis- 
sion corresponding to the full kinetic energy. 

4. The neutrons are all emitted in the most prob- 
able fission mode. 

Table III 



A ngular 

separation, 

degrees 



180 



Coinc. per 
min 



0.408 0.053 0.390 0.043 0.382 0.013 



188 



VOL. II 



P/884 



NORWAY 



K. SKARSVAG 



5. The energy distribution of the neutrons in the 
c.m. system is the same for the light and heavy frag- 
ments and independent of the number of neutrons 
emitted, i.e., the values of the constants () are set 
equal. 

6. The ratio of the neutron emission probability of 
the light fragment to that of the heavy is R. 

The values of the most probable velocities for the 
two fragments are taken from Leachman's velocity 
measurements 10 

f 14.19 X 10* cm/sec 
Vl \ 9.65 X 10* cm/sec 

Taking the mass of the neutron as the mass unit 
and Mev as the energy unit, we get: 

Velocity unit = (Mcv/neutron mass)*" 

= 0.97858 X 10 cm/sec 
and 

_ | 1.450 velocity units 
1 ~ I 0.986 velocity units 



Assumptions (1), (4) and (5) were also made by 
Fraser. As concerns assumption (3) Eraser could con- 
clude from his experiment that the decrease in the 
kinetic energy of the fragment before neutron emis- 
sion was not more than 5 Mev. The only difference 
between this model and that of Fraser is assumption 
(2) f as Fraser uses a distribution given by Feld ct al. u 
instead of the Maxwell-Bollzmann distribution. The 
two distributions are not very different and the Max- 
well-Bolt zmann distribution is preferred here, because 
it is simpler. 

For R the value found by Fraser, R = 1.3 0.1, is 
used. 

In Frascr's curve 2 with all fragments allowed, the 
ratio between the coincidence rate at 180 and 90 de- 
grees is strongly dependent upon the value of () and 
nearly independent of the value of R. This ratio can 
therefore be used to determine the value of (>, and 
() = 1.25 Mev was found. 

The laboratory fission neutron spectrum in terms 
of the fission neutron spectrum in the c.m. system is 
given by Feather. 12 For a Maxwell- BolUmann dis- 
tribution in the c.m. system Feather's formula gives 



sinh 



r- ) + ^ J//l Y\ *./g,, M 



sinh - V ,M,/. 



(2) 



where M / M n are the masses and E L , E H the kinetic 
energies of the light and heavy fragments respectively. 
With the exception of the assumptions (4) and (6) 
the assumptions made are those of Watt. With the 
value of Q used by him, () = 0.875 Mev, Equation 2 
becomes 



0.1000e-* /0 - 87B sinh 2.3436 

6 sinh 



(2a) 



This equation fits the experimental data of Watt 
quite well. 

There seem therefore to be some discrepancies be- 
tween the data of Watt and those of Fraser, as will 
also be seen from the experimental and computed 
points at 60, 90 and 120 degrees in Fraser's curve for 
U 235 with only the light fragment allowed. 2 

The calculations are therefore made for two values 
of p, Q = 0.875 Mev and Q = 1.25 Mev. 

According to assumption (1) the probability per 
unit, solid angle in the fragment: system that neutrons 
of emission energy tj will emerge is l/4r. Let/(tf,0) be 
the probability per unit solid angle in the laboratory 
system that neutrons of emission energy rj emerge at 
an angle (in the laboratory system) between the 
direction of the neutron and that of the fragment. As 
the same number of neutrons emerge into the differ- 
ential solid angle dil f about $ in the fragment system 
as into dil about in the laboratory system, we have 



We have 



7 <>/ = . 



2ir sin 



f/9 



dil = 2v sin ^ d$ \ cos (^ 0)| -^ 

where v 2 and v 3 are the neutron velocities in the frag- 
ment and laboratory systems, respectively. We then 
have 



---, 

Vi cos 0| 



(3) 



//W = jiT 
as a function of the angle 0. 3 Let 



If we measure the angular distribution of the neu- 
trons around the direction of the fragment by means 
of a neutron counter of efficiency (/0, the number of 
counts per neutron and per unit solid angle will be: 



(4) 



= Ea/iPrdt) (5) 

represent the expansion of / f /(0) in series of spherical 
harmonics, where ju = cos and / means /- or //, i.e., 
light or heavy fragment. Let w be the solid angle 
covered by each of the two detectors, and X the an- 
gular separation between the detectors, and let us de- 
fine a = cos X. Calculating along the same lines as 
De Benedetti it may be shown that in the case of 
emission of one pair of neutrons per fission, the num- 
ber of coincidences per fission as a function of a is 



c f (a) 2o> 2 



V a 

2/2/+1 



(6) 
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Table IV 


Angle, degrees 





30 


60 


90 


120 


ISO 


180 


CtHa) 


10.3002 


7.9611 


3.8596 


t.3517 


0.4290 


0. 1699 


0.1189 


Q 


8.7411 


7.1828 


4.1339 


1.8526 


0.7662 


0.3705 


0.2765 


Cn(a) 


3.6810 


3.1904 


2.1337 


1.1911 


0.6305 


0.3764 


0.3070 


Q 


3.6764 


3.2982 


2.4320 


1.5673 


0.9752 


0.6684 


0.5772 


c'M 


0.2325 


0.3023 


0.5905 


1.3557 


2.9147 


4.9530 


5.9828 


Q 


0.4639 


0.5663 


0.9422 


1.7763 


3.1874 


4 7789 


5.5204 



if both neutrons are emitted by the same fragment, 
and 



c'(a) = 2or> (-1) 



(7) 



ff both neutrons are emitted by opposite fragments. 

Finally, if ff/, pairs of neutrons OP the average are 
originating from the light fragment, ff// from the heavy 
fragment and ff' from opposite fragments, the num- 
ber of coincidences per fission becomes 



c(<x) 



(8) 



where the bars indicate average values. 

Assuming no light absorption in the Hornyak but- 
ton, the efficiency e(7i) may he calculated along the 
same lines as for a detector using a thick radiator 13 



b\K - 



(9) 



where b is a constant and K is the bias energy. 

Hornyak measured the efficiency for 0.50-Mev neu- 
trons, Po-Be neutrons and 14.2- Mev neutrons. Ac- 
cording to his curves the efficiency for one discrimina- 
tor setting may be approximated by 

(/) = bE 



or 



where o is the efficiency at the neutron velocity v 3 o. 
We then have for f(0) 



+ 3p cos 2 + p* cos 4 6 

/>i cos* m M 

+ I e~2Q x dx\\ (4a) 



where p = mvi 2 /2Q. 



is in the following set equal to 1. 

Using the first eight and seven terms respectively 
in Taylor's expansion of 



1 and 



/vi cos 9 
. ' 



dx 



we expand F(B) in series of spherical harmonics. 

</() and c'(ac) are then given by Equations 6 and 7 
with good accuracy by eight terms. 

The result is given in Table IV for () = 0.875 Mev 
and Q) = 1.25 Mev respectively. 

For a fission accompanied by v neutrons of which 
;/i from the light fragment and ;/ 2 from the heavy 
fragment, we have 



TT/f 



On t he average we have according to assumption (6) : 



l = R 

Wo 



HI + /TO 



P) - 



Let us define 



ff' 



v- is then given by 

J 5 - v + 2(1 + ft) 



R 

(f + ' 



(10) 



(11) 



Since P and R are known, and ft is found from this 
experiment, v 2 can be found from Equation 11. 

COMPARISON WITH EXPERIMENTS 

A ratio of ff/,: ff//: ff' which gives a good fit of 
Equation 8 to the experimental curve of the second 
series of measurements is found by the method of 
least squares, 14 Fig. 2. The experimental curve has not 
been corrected for the angular resolution, and each 
point is given a weight inversely proportional to the 
square of the standard error. The value of ft and P 2 can 
then be found from Equations 10 and 11 respectively. 
The result for Q = 0.875 Mev and Q = 1.25 Mev is 

Q (MCV) Tf tj 7T// *' ft ^ 

0.875 (-105)% (78ll)'i, (42 + 1)% 

1.25 (129)% (41 17)% (473)% 1.1 0.1 9.00.6 
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Figure 2. Comparison of the calculated and the experimental results 

Since ft, comes out negative for Q = 0.875 Mev, the 
calculation was repeated with only Cn(a) and c'(ct) 

Q (Mev) *ir *' ft 7 

0,875 (63 



(J7 1)% (1.7 0.1) (10.8 0.8) 

It is interesting to see that if the number of neutrons 
had a Poisson distribution we would have for v 2.5, 

^ = 8.75 

Q = 1.25 Mev, which was in good agreement with 
Eraser's curve, gives a reasonable result. The result 
with Q = 0.875 Mev is not reasonable and seems 
therefore to be in disagreement with both this experi- 
ment and the data of Fraser. 



The result in the experiment may, however, be in- 
fluenced by the finite size of the neutron radiator, and 
of the roughness of the model used in the theory. 
Especially the assumptions (3) and (5) may influence 
the result. 

It seems, however, justified to draw the conclusion 
that about equally many pairs of neutrons are emitted 
from opposite fragments as from the same fragment, 
since this conclusion is not so dependent upon the 
assumptions made. 
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High Energy Gamma-Rays from Short-lived Fission Products 

By A. Lundby, B. Winther, E. Andersen, and H. Enger,* Norway 



ABSTRACT 

Short-lived gamma-rays from fission fragments are 
analyzed with a scintillation spectrometer. Measure- 
ments have shown that a gamma-ray with an energy 
of about 2.2 Mev is associated with the 0.5 sec period. 
Some low energy gamma-rays are found to follow a 
period of about 2 sec. 

INTRODUCTION 

Previous experiments have indicated that several 
high energy gamma-rays are emitted from the fission 
fragments with lifetimes of the order of seconds. 1 
These gamma-rays have a great influence on the op- 
eration of a heavy-water moderated reactor. The en- 
ergies, lifetimes and abundances of the gamma-rays 
are, however, not very well known. They follow beta- 
decays, but the genetic relationships may involve sev- 
eral beta- transit ions before gamma-emission occurs. 
In this respect the periods of the delayed photoneu- 
trons may differ from those of the delayed neutrons. 

For longer periods (>1 hr) there is good agreement 
between measured photoneutron activities in Be and 
D 2 O and those calculated with the known hard 
gamma-rays from fission products as sources. 2 These 
results have been verified in this laboratory by 
E. Germagnoli.t For periods less than one hour the 
agreement between the results of measurements of 
photoneutron periods in different laboratories is 
not very satisfactory.* Since more than 90% of 
the delayed photoneutrons seem to have lifetimes 
of less than one minute, 1 we have started experi- 
ments to measure the properties of the corresponding 
gamma-rays. 

EXPERIMENTAL 

Figure 1 shows the experimental arrangement. The 
" rabbit" consists of a piece of turbax shaped like a 
projectile, containing 18 gm natural uranium metal in 
the form of a cylinder 1 cm in diameter, 0.25 cm 
thick, and 1.5 cm long. The rabbit is pneumatically 
transferred from the surface of the reactor to the 
centre in 0.4 sec, irradiated for a variable time (0.7 sec 
in the experiments to be described here) and then 
ejected to the surface in 0.4 sec. The rabbit is locked 
into a fixed position when it reaches the lead block in 
which the scintillation detectors are located. Due to 
the shocks at the extreme positions the turbax pro- 



jectile is damaged after a number of transfers. For 
this reason and in order to avoid build-up of activities 
in the uranium an arrangement is used so that the old 
rabbit can be changed with a fresh young rabbit in a 
few seconds. 

The gamma-rays from the rabbit pass through a 
lead collimator with an opening 0.5 cm in diameter 
and 8,5 cm long. When the pair-spectrometer is used 
the central crystal has the dimensions 3 X 2.5 X 1.2 
cm, 8 When a single Na(Tl) crystal is used this has a 
diameter of 3 cm and a length of 2.5 cm. The light 
from the crystals is detected with RCA 5819 photo- 
multipliers and the pulses amplified in non-overload 
amplifiers. The pulses from the central detector are 
lengthened to about 5 microseconds and applied to 
the vertical deilection plates of a cathode ray oscillo- 
graph. The intensity of the oscilloscope beam is modu- 
lated with (a) the signals from the output of the triple 
coincidence circuit (see Fig. 1), (b) pulses from a pulse 
generator to indicate time, and (c) pulses triggered by 
a microswitch to indicate the time of arrival of the 
rabbit at the apparatus. The selected pulses are photo- 
graphed on a moving film so that their magnitudes 
and time relationships can be derived. 

RESULTS 

Due to the finite resolving time of the electronic 
circuits the counting rates from the individual scintil- 



* Joint Establishment for Nuclear Energy Research, Kjeller 
near Lillcstrom. 
t Unpublished. 




Figure 1. Experimental arrangement 
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Figure 2. Delayed y-rays from U m 

lation detectors has to be kept below about 5 X K) 3 
per second. This condition is satisfied when the re- 
actor is run at 3 kw. The central thermal neutron flux 
is then 9 X 10" cm-- sec- 1 . 

When the rabbit is irradiated for 0.7 sec and the 
scintillation pair spectograph is used to observe the 
gamma-rays we obtain less than five pulses per run. 



The film moves in this case with a speed of 1 cm j>er 
second for 30 seconds. It takes another 20 seconds to 
change the old rabbit for a new. A complete run there- 
fore takes about one minute. 

Since we can only run the experiment one day per 
week it takes a long time to accumulate sufficient 
data. We hope in the near future to get a very large 
Nal(Tl) crystal so that we always can use a single- 
crystal spectrometer. 

The results so far obtained are given in Fig. 2. In 
the upper part of the diagram the single-crystal re- 
sults are shown and in the lower part the pair-spec- 
trometer results. We have calibrated the horizontal 
scale with known gamma-ray lines. The gamma-ray 
responsible for the peaks in Fig. 2 is found to have an 
energy of 2.2 Mev 20%. We are therefore not yet 
able to say whether it. is above the photodissociation 
threshold for the deuteron, and we have not yet cali- 
brated the absolute intensity. The gamma-ray inten- 
sity decays with a period of about 0.5 sec. 

The low energy component in Fig. 2 decays, on the 
other hand, with a period o* about. 2 sec. We are in 
the process of measuring the spectrum at somewhat 
longer irradiation times where this and other periods 
are more pronounced. 
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Determinations of Fission Quantities of Importance to Reactors 

By R. B. Leachman,* USA 



INTRODUCTION 

In recent months an increased knowledge of the 
fission process has been obtained through a series of 
extensive measurements and calculations that have 
not previously been reported. These studies were of the 
promptly emitted fragments, gamma rays, and neu- 
trons from fission. These prompt radiations are to be 
distinguished from the neutrons, beta particles, and 
gamma rays emitted during the decay of the fission 
products. Both the prompt and delayed radiations 
from fission are of importance in reactor design and 
operation, but the prompt products are emphasized 
here because of their importance to an understanding 
of the fission process. The mass distribution of the 
fission products and the cross sections of neutron- 
induced fission are, similarly, quantities of importance 
to reactors and to fission studies, but are subjects 
which are discussed in other papers in this Conference. 

Here, the new measurements of the energies of the 
fission fragments, gamma rays, and neutrons and also 
of the numbers of fission neutrons are discussed. Sim- 
ple concepts of nuclear models are used in a calculation 
that results in values agreeing with these data. This 
satisfactory correlation is a result of the detail and 
accuracy of these recent measurements. 

Finally, recent data of the angular relation between 
fragments and the neutrons inducing fission are dis- 
cussed. These extensive new data have had only quali- 
tative explanation by means of the collective model of 
fission. 

FISSION FRAGMENT ENERGY 

By far the greatest amount of the mass energy avail- 
able in the fission process is liberated as the kinetic 
energy of the massive fission fragments. A study of the 
kinetic energy of the fission fragments is of importance 
for several reasons. First, an accurate measurement 
of this quantity is necessary for an evaluation of the 
total heat of fission, which is important in reactor 
power considerations. Second, the difference between 
the total prompt energy of fission (as determined from 
masses) and the kinetic energy of the fragments is the 
excitation energy of the primary fission fragments. 
This excitation energy appears in the emission of 
prompt neutrons and gamma rays from fission. 
Finally, it is of importance in reactor work to have 

* Including work by D. M. Barton, J. E. Brolley, Jr., J. E. 
Hammel, R. B. Leachman, N. G. Nereson, L. Rosen, H. W. 
Schmitt, and N. J. Terrell, Jr., Los Alamos Scientific Labora- 
tory; R. L. Gamble, and J. L. Fowler, Oak Ridge National Lab- 
oratory; D. A. Hicks, J. Ise, Jr., and R. V. Pyle, University of 
California Radiation Laboratory. 



knowledge of the processes by which this large amount 
of fission fragment energy is lost, particularly of the 
processes which lead to radiation damage of reactor 
fuel elements. 

In the published literature are many reports 1 of the 
energy distributions of fission fragments as obtained 
by ionizaiion chamber measurements. These measure- 
ments, particularly those made by double, "back-to- 
back," ionization chambers measuring simultaneously 
the energies of the fragment pairs, are easily made and 
provide a complete picture of the fragment energetics. 
Recently, however, measurements of the distribution 
of the iiftsion fragment energies have been reported 2 
by time-of -flight observations. This measurement pro- 
vided less complete information on fragment ener- 
getics, but introduced considerably less dispersion in 
the data and provided data whose absolute accuracy 
could be readily determined. From this measurement 
and from other less direct determinations, the ioniza- 
tion chamber measurements of energy were shown to 
be low by about 7 per cent and to contain dispersions 
in the data amounting to roughly 8 Mev full width at 
half maximum. 

The high neutron iluxes available in nuclear reactors 
have made possible recent direct determinations of the 
average energy of fission by calorimetry. A calori- 
melric measurement with a low neutron flux was made 
by Henderson 3 shortly after the discovery of fission. 
Shown in Fig. 1 is a schematic diagram of the essential 
parts of a fission calorimeter recently used by Leach- 
man and Schafer at. Los Alamos for measuring the 
average kinetic energy of the fission fragments from 
neutron-induced fission of U 23 *. The plate shown in 
this figure is the center plate of a back-to-back fission 
pulse counter for a twin determination of the fission 
rate in the U 235 heater assembly. The heat is deter- 
mined by substitution of electrical power in the 
heater for the fission power. The amount of electrical 
energy required for substitution is determined by 
temperature indications from the thermocouples. 
Measurements were made with this calorimeter in a 
thermal column of the Los Alamos Homogeneous 
Reactor as shown in Fig. 2. A value of 167 2 Mev 
per fission was obtained, which agrees with the aver- 
age from velocity measurements. 

Determinations of the average heat of fission as ob- 
served in reactors must, in addition, take into account 
the neutron, gamma ray, and beta particle energies 
together with a consideration of the decay times of the 
delayed gamma rays and beta particles. These 
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Figure 1. Center plate of the Los Alamos fission calorimeter. The cell on 
he right contains a heater of U"* similar to the U m heater. Flux moni- 
toring foili of U fi are on each side of the U 236 heater 

additional quantities can he determined from inde- 
pendent measurements and calculations. Meem 4 has 
recently reported a measurement of the average heat 
of iission as observed in the Oak Ridge Bulk Shielding 
Reactor which includes these quantities. When his 
results are corrected for recent cross sections of iission 
and of gold activation, the result of 186 5 Mev for 
the equilibrium average energy of fission is in good 
agreement with the calorimeter results of kinetic 
energy and determinations of the other energies 
involved. The 19 5 Mev difference between these 
calorimetric values is satisfactorily accounted for by 
the measured 5 Mev each for the prompt neutrons and 
the prompt gamma rays and the calculated 5 11 Mev 
average of detectable decay energy of the fission 
products. From these recent measurements, the heat 
of fission is now a well established quantity that is 
about 7 per cent greater than previously established 
quantities from ionization chamber measurements. 

Energy loss studies of fission fragments have re- 
cently been made by Schmitt and Leachman at Los 
Alamos that provide greater information on the meth- 
ods by which this energy is lost. The measurements 
provide a confirmation of the nuclear recoil effect 
previously calculated by Knipp and Ling. 6 For these 
measurements, metal foils of various thicknesses were 
used to slow fission fragments into various energy 
groups. The average energy of each of these groups 
was determined by time-of -flight measurements. In 
separate measurements, the average ionization of 
each of these fragment energy groups when stopped in 
a gas was measured in an ionization chamber. In Fig. 3 
are the results for stopping fragments in nitrogen. The 
positive intercepts of the energy-ionization curves on 
the energy axis for different stopping gases indicate 
that roughly 6-9 Mev of fission fragment energy is 
expended in nuclear recoils of the stopping material*. 



In solid stopping materials these nuclear recoils lead to 
radiation damage in the materials. 7 

NUMBERS OF PROMPT NEUTRONS FROM FISSION 
The number of neutrons from fission is of consider- 
able concern in reactor design. This is especially true of 
v> the average number of neutrons per fission. To a 
lesser extent this is true of the variation of v from one 
fission event to another. The fluctuation in v is closely 
related to the fluctuations in the neutron flux in sub- 
critical reactors, but is not readily obtained from these 
flux fluctuations for the reason of complications in 
the neutron multiplication in the reactor. Recent 
measurements with large tanks of liquid scintillator 
provide data on v with an accuracy and detail con- 
siderably greater than previously available. With 
regard to fission calculations, the number of fission 
neutrons is closely related to the excitation energy of 
fission as obtained from fission fragment energies. 
A correlation of these quantities is considered later. 
The large tanks of liquid scintillator used in these 
recent measurements by Diven, Martin, and Terrell at 
Los Alamos and by Hicks, Ise, and Pyle at Berkeley 
arc basically of the design published by Reines, 
eL fl/., 8 but modified with the provision of a central 
tube containing the fission source and fission pulse 
counter. A similar tank of smaller size has been used 
at Los Alamos by Hammel and Kephart. As shown in 
Fig. 4, Diven, Martin and Terrell have given con- 
siderable attention to the neutron shielding of the 
large tank from the source of neutrons inducing fission. 
Only spontaneous fission has been studied by the other 
two groups. The number of neutrons for each of many 
thousands of fission events was observed on photo- 
graphs of oscilloscope traces displaying the gamma ray 
pulses from neutron capture in the cadmium loading 
of the liquid scintillator. At Los Alamos, the efficiency 
of the large tank for detecting fission neutrons was 
accurately determined to be 82 2 per cent by sev- 
eral independent means. 




Figure 2. Position of the fission calorimeter In the south thermal column of 
the Los Alamos homogeneous reactor. The reactor sphere Is on the right 
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Figure 3. Energy-ionization relation of fission fragments in nitrogen 

With such a high and accurately known detection 
efficiency for neutrons, this method of determining v 
and the fluctuation in v has proved to be a valuable 
research instrument. It has been used for the study of 
fission neutrons from each of several nuclides that 
fission spontaneously and also from fission of several 
nuclides induced by neutrons of various energies. 
Some preliminary results from spontaneous fission of 
Cf 262 have been published. 9 Examples of the results 
obtained from some Los Alamos measurements are 
shown in Fig. 5. Here the fluctuations in the 
number of neutrons emitted from fission of the com- 
pound nuclei U 236 and Pu 240 under different excita- 
tions are shown. Other such measurements are com- 
pared later with calculations of neutron emission. 

Two additional measurements of the variation of v 
with the energy of neutrons inducing fission in U 2:<B 
have recently been made by different methods. In 
these cases, the experimental arrangement did not 
allow a determination of the multiplicity of the neu- 
trons. The results are of v(K n )/v ih , where E n is the 
energy of the neutrons inducing fission and v^ is for 
fission induced by thermal neutrons. 

One of these measurements was made by Fowler at 
Oak Ridge with the method shown schematically in 
Fig. 6. In this measurement both the total number of 
fissions and the number of fissions in coincidence with 
detected fission neutrons were recorded. These data 
were taken with a source of thermal neutrons and, 
also, with a source of 1.0-Mev neutrons. The design 
of the neutron chamber provided a neutron detection 
efficiency that was nearly the same for various neu- 
tron energies. Cadmium was used to shield the fission 
chamber from scattered low-energy neutrons. From 
these measurements, Fowler obtained i>(l Mev)/Pi* 
= 1.15 .14forU 28B . 
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Figure 4. Schematic diagram of the sclntillator tank used by Diven, 
Martin, and Terrell 

The other measurement of v(E n )/i>ih was made by 
Terrell at Los Alamos. He used a spherical shell of 
U 286 surrounding a spiral fission counter of U 288 . In 
one set of measurements, trie sphere was bombarded 
by thermal neutrons. In the other set, 0.7-Mev neu- 
trons were used. In each case, the numbers of fissions 
were determined by radio-chemical techniques from 
the amount of the Mo 09 fission products in the U 285 . 
The relative numbers of fission neutrons were meas- 
ured by the U 238 spiral counter. After correcting for 
background and other effects, Terrell found i>(0.7 
Mev)/i? h = 1.02 .02 for U 286 . 

ENERGIES OF PROMPT NEUTRONS FROM FISSION 

At Los Alamos, considerable attention has recently 
been given to a careful measurement of the energy 
distribution of neutrons from thermal-neutron in- 
duced fission of U 236 . This has resulted in a somewhat 
different spectrum than previously measured. 10 Of 
convenience in reactor work are the semi-empirical 
expressions that accurately fit these new data. As 
discussed later, detailed calculations of this spectrum 
from over-all energy considerations of the fission 
processes are complicated by the large influence of 
the neutron-fragment angular correlation on the ob- 
served neutron energy. 
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Figure 5. Observed fluctuations in v as measured with a large tank of 
liquid sclntlllotor a Lot Alamos 
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Barton has used an expansion cloud chamber filled 
with low pressure hydrogen plus water vapor and has 
obtained the energy spectrum of the fission neutrons 
below 700 kev from proton recoil tracks in the cham- 
ber. In. I he intermediate region of neutron energies, 
Cranberg and Nereson have used a neutron time-of- 
tlight measurement to obtain the energy spectrum of 
the fission neutrons in the 0.2 to 3 Mev interval. As 
shown in the schematic diagram of the equipment in 
Fig. 7, the time of the fission event is given by the 
fission pulse from a spiral fission counter, which also 
serves as the fission source. The time-of -flight be- 
tween this pulse and a proton recoil pulse from a 
fission neutron in a plastic scintillator at SO-cm dis- 
tance is measured on an oscilloscope trace. The high 
energy interval has been measured by Frye and Rosen 
by recoils in photographic emulsions. Their measure- 
ments are in the energy interval between 0.3 and 12 
Mev. In these three sets of measurements of overlap- 
ping energy intervals, considerably improved statistics 
were obtained and more careful background measure- 
ments made than in the previously reported measure- 
ments of the neutron energy distribution. 

A compilation of these three new sets of measure- 
ments is presented in Fig. 8 in which somewhat arbi- 
trary normalizations of the sets of data to each other 
have been made. These data are compared with the 
semi-empirical expression A'(/^) <* [exp ( /I/O. 965)] 
fsinh V2.2<)7<|, where A'(/0 is the probability of a fis- 
sion neutron with energy 7'J. This convenient form has 
been used earlier by Wall 1 " and is derived from sim- 
plest considerations of neutron emission and trans- 
formations of velocity frames. It has been used with 
both the nuclear "temperature" and the fragment 
energy as parameters that are adjusted to lit the ex- 
perimental data. A further simplification of this semi- 
empirical expression results in the form .Y(A!) <* \/lt 
exp (// 1.29), which is shown in the figure similarly 
to provide a satisfactory lit with the experimental 
data. This fit with only the coefficient in the exponent 
as a parameter is regarded as fortuitous in view of the 
dependence of the neutron spectrum on the many vari- 
ables such as fragment excitation, neutron binding en- 
ergies and fragment energy. 

PROMPT GAMMA RAYS FROM FISSION 
After the primary fission products have emitted all 
the neutrons that are energetically possible, the resid- 
ual excitation energy is expended in the emission of 
prompt gamma rays. With the distribution in the 
magnitude of the residual energy and with the energy 
level structure of the many primary fragments, the 
gamma ray spectrum is expected to be complex. Until 
the recent measurement to be described, little experi- 
mental or theoretical information on these gamma 
rays had been published. However, measurements of 
the prompt gamma rays have been reported 11 which 
have been made by Geiger counters with walls of me- 
dium atomic weight. This method of measurement of 
gamma rays in coincidence with the fission pulses pro-_ 
vided a satisfactory measure of the average gamma 
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Figure 6. Schematic diagram of the fission neutron experiment made by 

Fowler. The neutron chamber in the center at the right detects proton 

recoils. Fissions are detected in the cylindrical, parallel plate ionization 

chamber. The neutron source is at the left 

ray energy, but the spectrum of the gamma rays could 
not be determined easily. 

Recently, Gamble and Francis at Oak Ridge have 
observed the spectrum of the gamma rays in coinci- 
dence with fission by a NaT scintillation detector. 
Since the size of their detector resulted in distribu- 
tions in pulse heights for the line sources of gamma 
rays used for calibration, the data obtained by Gamble 
and Francis were corrected for the response of the de- 
tector. The results, as shown in Kig. 9, indicate an 
exponentially decreasing probability with energy to a 
gamma ray energy of 7 Mev. However, the method of 
detection was sensitive to the inelastic scattering of 
prompt fission neutrons and so the average energy of 
the prompt gamma rays from fission is expected to be 
less than the 7.5 Mev obtained from the results in 
Fig. 9. Similarly, the average number of gamma rays 
per fission is expected to be less than the 7.5 from this 
measurement. 

CORRELATION OF DATA ON PROMPT 
FISSION PRODUCTS 

At Los Alamos, Leach man has investigated the cor- 
relation between calculations of these data of the 
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Figure 7. Schematic diagram of the ttme-of -flight equipment used for 
energy measurements of fission neutrons 
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promptly emitted fission products with results in sat- 
isfactory agreement with the recently measured quan- 
tities that are discussed above. The correlations have 
been based on simple concepts of: (1) the mass equa- 
tion of fission, (2) neutron evaporation considerations, 
and (3) the mass surface of nuclides. 

For each nuclide undergoing fission that is consid- 
ered in this analysis, a separate analysis is made for 
several mass ratios of fission. For each mass ratio, the 
distribution in the total excitation energy shared by 
the fragment pairs is obtained by subtracting the dis- 
tribution in the total kinetic energy of the fragment 
pairs from the total fission energy. The total fission 
energy is calculated from the mass equation of fission. 
After the dispersion in the data of the fragment ki- 
netic energy has been removed mathematically and 
the distributions in the excitation energies of the in- 
dividual fragments has been obtained by a convolu- 
tion, the typical excitation energy distribution of the 
individual fragments shown in Fig. 10 is obtained. 
Also shown in Fig. 10 are the neutron emission prob- 
abilities based on the simple neutron emission con- 
cepts introduced by Weisskopf. 12 The neutron bind- 
ing energies involved in this analysis are determined 
from the mass surface of nuclides as discussed by 
Coryell, 13 where attention is given to the effects of 
nuclear shells. The combination of the excitation and 
neutron emission data in Fig. 10 results in the distri- 
butions in the number of fission neutrons as shown in 
Fig. 11 for spontaneous fission and in Fig. 12 for neu- 
tron induced fission. For comparison, the experimental 



determinations of neutron emission obtained at Los 
Alamos and at Berkeley are also included. 

Fowler, at Oak Ridge, has applied somewhat simi- 
lar calculations to the variation of v with the energy 
of neutrons inducing fission. He first pointed out that 
the observed 1 - 14 constant average of the kinetic en- 
ergy of the fission fragments results in an increasing 
excitation energy of the fragments with increasing en- 
ergy of the incident neutrons. This fact has been ap- 
plied to the above calculations to find the variation 
in v. In this analysis, the absolute accuracy of the 
masses of the fission products have been corrected a 
few milli-mass units by a normalization to the v t h 
values from a recent compilation at the Brookhaven 
National Laboratory. 14 

The results of such calculations of the variation of 
v with the energy of neutron inducing fission are shown 
in Fig. 13 along with the experimentally measured 
values of Diven, Martin, and Terrell. The v(E^)/v th 
values obtained by Fowler and by Terrell are in rea- 
sonable agreement with the results of Fig. 13. In the 
calculations of v the most sensitive parameter is the 
nuclear " temperature" used in the boil-off expression. 
The data in Fig. 13 are based on T = 1.4 Mev, a 
value obtained from (,2w) excitation functions. For 
U 236 , a decrease of T from 1.4 Mev to 1.0 Mev in the 
calculations increases the slope dv/dE* from 0.126 
Mev 1 to 0.147 Mev~ l . Similarly an increase of T to 
1.8 Mev decreases the slope to 0.116 Mev" 1 . Even 
these large changes in T are seen to give calculated 
results in reasonable agreement with measured values. 
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Figure 9. Prompt gamma-ray spectrum from fission of U 236 as measured 
with a Nal crystal and coincidence techniques 

Leachman has also made detailed calculations of 
the energy spectrum of the fission neutrons from ther- 
mal-neutron fission of U 23& by a Monte Carlo method. 
These calculations were based on (1) the distributions 
shown in Fig. 10, (2) neutron energies with respect to 
the moving fragments based on neutron boil -off con- 
siderations, and (3) the assumption of an isotropir an- 
gular distribution of neutrons from the moving frag- 
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Figure 10. Calculated distributions for thermal-neutron fission of U 235 
into fragments in the regions off masses 141 and 95. At the top are the 
excitation energy distributions of the fragments. The distributions in the 
middle of the figure are the neutron emission probabilities of the mass 
95 region as a function of the excitation energy E X L . Similar distribu- 
tions for the mass 141 region are below. A "temperature" T = 1.4 Mev 
was used in the neutron emission calculations. Superscripts L and H refer 
to the light and heavy fragments, respectively 



Figure 1 1 . Calculated and observed variations in v for spontaneous 

fission. Lines are calculated distributions. Data are: closed circles, 

Diven, Martin, and Terrell; closed squares, Hammel and Kephart; and 

open circles, Hicks, Ise, and Pyie 

ments. The resulting energy spectrum of the fission 
neutrons is, however, critically dependent upon as- 
sumption (3) at the low energy end of the spectrum 
and on the amount of the dispersion in the energy 
data (1) at the high energy end of the neutron spec- 
trum. On the basis of the collective model of the nu- 
cleus the fission neutrons are, instead, expected to be 
preferentially emitted cilong the line of the fragment 
direction, in view of these difficulties, it is difficult to 
draw conclusions from the reasonable fit of the cal- 
culated energy distribution of the fission neutrons 
with the experimental values in Fig. 14. 

Also shown in Fig. 14 is the calculated energy spec- 
trum of neutrons from 3.0-Mev neutron fission of 
TJ 235 . For this calculation, an excitation energy dis- 
tribution displaced to higher energy, as discussed 
above, is used. The increase of the energy of the 
incident neutrons is seen to increase the spectrum of 
fission neutrons to slightly higher energy. 

The residual excitation energy appearing as prompt 
gamma ray energy from thermal-neutron fission of 
U 235 is calculated by this analysis to be 3.9 Mev, which 
is in satisfactory agreement with the Geiger tube 
measurements 11 of 4.6 Mev and 5.1 Mev. Since the 
calculation of the gamma ray energy is independent of 
the neutron-fragment angle assumption (3), the agree- 
ment is considered significant. A calculation for 3-Mev 
neutron fission of U 236 indicates a 0.2-Mev increase in 
the prompt gamma ray energy. 

ANGULAR CORRELATION OF FRAGMENTS 

AND INCOMING NEUTRONS 
Recent data of the angular correlation of the fission 
fragments with the neutrons of various energy induc- 
ing fission have been taken by Brolley, Dickenson, and 
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Figure 1 4. Comparisons of energy spectra of neutron* from U 285 fission. 

Curves are of Monte Carlo calculations. Data are of thermal-neutron 

fission as observed by Frye and Rosen 
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Figure 12. Calculated and observed variations in v for neutron-induced 
fission. The statistical uncertainties in the U 233 and Pu data are con- 
siderably greater than those indicated for the U 235 data 
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Figure 15. Schematic diagram of the fragment angular correlation 

experiment. Fission fragments in the upper ionization chamber are 

recorded only when In coincidence with complimentary fragments that 

go through the collimator into the lower ionization chamber 
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Figure 13. Observed and calculated variation of v with the energy of 

the neutrons inducing fission. The results of the calculations are given by 

lines 
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Figure 17. Observed anltotroples of fragments and incident neutrons 
as a function of the neutron energy 

Henkel at Los Alamos. These new data provide con- 
siderably greater information than the preliminary 
data that have been published. 16 These results are 
closely related to the fission processes as described by 
the collective model of the nucleus. However, only 
qualitative explanations of these data have been made. 

In Fig. 15 is shown a schematic diagram of the 
apparatus with which these angular correlation meas- 
urements have been made. By means of a rotation of 
I he chamber assembly with respect to the direction of 
the incident neutrons, data of the angular distribution 
of the fission fragments as shown in Fig. 16 were ob- 
tained. These data are seen to fit an angular distribu- 
tion with a strong cos 4 6 dependence, where is the 
angle between the neutron and fragment directions. 
This angular relation is in agreement with the expec- 
tations from the collective model. 

As the energy of the incident neutrons is varied, 
data of the anisotropy as a function of neutron energy 
as shown in Fig. 17 are obtained. The preference for 
fragments in the direction of the incident neutrons is 
in agreement with collective model considerations, 
just as similar published data from proton induced 
fission 17 and gamma-ray induced fission 18 are ex- 
plained. Although it is not shown in the figures, addi- 
tional data of fragment pulse heights, which are used 
to distinguish the heavy and light fragments, indicate 
a preference for the heavy fragment in the direction 
of the incident neutrons. 
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Some Problems of the Theory of Nuclear Fission 

By B. T. Geilikman, USSR 



I. THE SHAPE AND BARRIER AT THE FUSION 
OF TWO NUCLEI 

In order to understand the peculiarities of the fission 
process (after the. fission takes place) and the reverse 
process of the fusion of two nuclei, it is essential to 
determine the shapes of two contacting nuclei. 

Let us consider only the variation of the shapes of 
two colliding nuclei, disregarding the variation of the 
charge distribution across the volume of the two 
nuclei. 

This assumption is warranted since owing to the 
strong cohesion of protons and neutrons a greater 
energy is required for changing the charge distribution 
than for changing the shape of the nucleus. And truly, 
the energy of one quantum of the surface (quadrupole) 
oscillation for .-1 == 240 is of the order of ~0.8 Mev 
whereas the energy of one quantum of the volume 
(dipole) oscillation is of the order of ~15 Mev. 1 

Let us assume that !hc shapes of the two nuclei 
differ little from the spherical one: 



= ft 



ft 



a n 1 



(1) 



Given a constant volume and the centre of inertia 
of each nucleus at rest, we can express a and i as a 
function of other a n .* 

Let us find the part of the energy of the nuclei that 
depends on their shape, i.e., the sum of surface and 
coulomb energy for a given value of the distance 
ar between the centres of deformed spheres. The 
energy for each nucleus calculated by Bohr and 
Wheeler 2 and Frenkel 3 is: 



(2) 

where <r is the coefficient of the surface tension. 

In our calculation of the coulomb energy of inter- 
action for UQ we shall retain only linear and quadratic 
terms in <x% and a 3 (parameters, defining the symmetri- 
cal deformation and the asymmetrical one). 
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As a result of simple but rather long calculations we 
get the expression for {/,, and then for the total 
energy U = U a + U int : 
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i = 1,2 

According to the estimates of Bohr and Wheeler 2 
e = 47.8 and of Woste = 45.5. 

The values of a^ (i \ ot3 (0 , corresponding to the 
minimum U for a given distance a, are found through 
the system of four equations linear in a z (i} and a 3 (0 : 



dU 



0. 



* We shall later omit in Equation I the term ai/*i(cos 0), 
since we shall show below that ora <SC 02 f s '^ T 2 ) - Then 

i a, since 

(n+1) 



F n-2 
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This system was solved numerically for the value of 
which corresponds to the contact of two nuclei, i.e., 



for 



Calculated values for 2 (i) , 3 (i) , a* and barrier height 
for the fusion of nuclei V = [(U)^ - (7)-J 
for various values of Zi 9 Z 2 , 4i, 4 2 , and the value of 
the parameter = 47.8 are given in Table 1 (with 
e = 45.5 the values practically coincide). For com- 
parison we include in Table 1 the values of the height 
of the coulomb barrier, without deformation, this is 
o) = ZiZz X (AS* + Aj*)- 1 where d = Ai* 
is the distance between the centres of non- 
deformed spheres. 

From Table 1 it follows that if the values Z lt Z* are 
sufficiently large, the deviations, from the spherical 
shape are quite large |a 2 | ~ 0.2 0.3; we note that 
as is always negative. The negative sign corresponds 
to the oblate shape of the nuclei (see Fig. 1). It is 
obvious that this shape (i.e., the "spreading" of the 
charge in the plane perpendicular to the line connect- 
ing the centres of the nuclei) corresponds to the mini- 
mum of the energy of the system. 

Owing to the oblateness, the nuclei can draw closer 
than in the case of nondeformed nuclei, with the result 
that the barrier height increases markedly by about 
15-20%. The values of 3 are very small: a 3 ^ 0.02- 
0.03. We can therefore hope, that the values obtained 
for the barrier height V are quite accurate. The values 
for 8 are not so accurate because we have omitted the 
terms with 01. 

The main effect produced by the reduction of the 
distance a due to the oblate shape of the nuclei was 
overlooked in the paper of Breit ei a/. 6 This was indeed 
the main reason for the incorrect conclusion that the 
barrier is lowered by deformation. The dynamic 
effects, i.e., effects connected with the oscillation of 
nuclear shape during approach (which were con- 
sidered 6 according to classical mechanics) are not 
essential because of the quasistatic character of the 
process (sec section II below). 

In our calculations of the equilibrium of nuclear 
shapes we did not take into account the influence of 
individual nucleons upon the nuclear shape, the effect 



indicated by A. Bohr. 6 If neither of fragments is heavy 
this effect is inessential. But even if there is only one 
heavy fragment it can be easily shown that if the 
nucleus is prolate the symmetry axis (owing to the ac- 
tion of individual nucleons is perpendicular to the line 
connecting the centres of the nuclei, and in the case of 
oblate nucleus the symmetry axis is parallel to this 
line. To see that it is sufficient to consider the value of 
the energy of the interaction of the charge and the 

quadrupole: ^cQP 2 (cos y)/r* (y is the angle between 



r and the symmetry axis of the nucleus, and 
Q is the quadrupole moment). For Q > O (prolate 
nucleus) the minimum of the energy corresponds to 
7 = 7T/2; for Q < O' the minimum corresponds to 
7 = 0. 

In the case of the prolate nucleus the effect of the 
approach of the nuclei upon the rotation around the 
axis connecting the centres is small. Therefore the 
height of the barrier will increase, because of the cou- 
lomb oblateness and owing to the orientation of the 
prolate nucleus. In the case of the oblate nucleus, the 
axis of the rotation is perpendicular to the line con- 
necting the centres. As the nuclei are approaching, 
their rotation will be transformed into small oscilla- 
tions around the equilibrium orientation. Thus, in the 
case of the oblate nucleus too the effects -combined 
effect of the coulomb oblateness and of the orientation 
of nonspherical nuclei raises the height of the barrier. 
The effect of orientation in the nonspherical case is 
however owing to the rate of the orienlation process, 

II. THE QUASISTATIC PROCESS OF FISSION 
AND EXCITATION OF THE FRAGMENTS 

In the case of deformation of the fissionable nu- 
cleus, in order to determine the character of the fis- 
sion after the descent from the top of the barrier, it is 
important to establish the degree to which this process 
is quasistatic. 

The duration of the descent from the top of the 
barrier to a distance of about 2R (i.e., to the distance 
where the scission took place) is, in the case of the 
fission near the threshold, of the order 



T f ~2R/V2(E - Vf)/M~ (1 - 3) 10- 20 sec 
M mass of the nucleus, (E F/) is the difference 



Table 1 



i - Zi - 46; Z\ - 2a - 46; Zi - 92; Ai - 238; Zi - 47; Ai - 109; Zi - 64; Ai - 160; Zi - Za - 31; Z, - Z, ~ 23; 

i - At - //*; Ai - .\2 - IIS; Zi - 6; <4i - 12; Z* - 54; At - 141; Z* = 38; A* 98; Ai - At - 72; Ai - At - 54; 

474 t .. 6 o.2 (ref. 5) * - 47,8 - 47.8 - 47.8 * - 47.8 e - 47.8 



oa (n 


-0.20 


-0.15 


-0.23 


-0.22ft 


-0.32 


-0.13 6 


-0.09 


<" 


0.01 


-0.005 


-0.02 


0.03 


0.02 


-0.01 


-0.01 


,<*> 


-0.20 


-0.15 


-0.02 


-0.25 


-0.15 


0.13 8 


-0.09 


aa () 


0.01 


-0.005 


0.005 


0,02 


0.03 


-0.01 


-0.01 


a e 


7.9 


8.3 


6.9 


7.9 


7.8 6 


7.1 


6.8ft 


d 


9.8 


9.8 


8.5 


10.0 


10.0 


8.3 


7.6 


VY(cY'o) 


255.6 


246.9 


75.3 


305.0 


291.8 


131.5 


75.9ft 


Fo/(c 2 /ro) 


215.7 


215.7 


65.0 


254.3 


242.3 


115.5 


70.0 


(K - Fo)/l 


Po 0.18 & 


0.14 


0.16 


0.20 


0.20. 


0.14 


0.08& 



THEORY OF NUCLEAR FISSION 



203 



between the excitation energy and the height of the 
fission barrier, 

(E - V f ~ 1 Mev) 

The characteristic time for the quadrupole oscilla- 
tion of the surface is: 



- ~ 1Q~ 21 sec (as 

ftCJ 

T Tf 



0.8 Mev) 



Thus the process of the fission after the descent from 
the top of the barrier is in general quasistatic, with 
respect to the oscillationary degree of freedom of the 
nucleus. The same is true for -the single nucleon's 
degree of freedom for r n ~ h/AE n <, r k . (A is the 
separation of the nucleon's level of the nucleus.) Since 
the deviation from the quasistatic state is small, the 
probability of the excitation of the oscillation and 
nucleon levels at the expense of the kinetic energy, in 
the process of fission is not great. (The same conclu- 
sion is true for the reverse process of the fusion of two 
nuclei; see section I.) The excitation of the rotational 
levels is of no importance, since the angular momen- 
tum of the nucleus near the fission threshold is small, 

After the fission took place and in the reverse proc- 
ess of the impact of the nuclei, oricntational oscilla- 
tions become possible around the equilibrium orienta- 
tion when the symmetry axes are directed along the 
line connecting the centres. At the impact of heavy 
nuclei, the oblatencss may also be caused by the action 
of separate nucleons. 1 However the period of oricnta- 
tional oscillations T O ~ *\/(I*R*/ZieQt) (where 7 is the 
moment of inertia, and Q is the quadrupole moment) 
is much smaller than the time of the approach of the 
nuclei r/. Therefore, there is no great probability of 
the excitation of the orientational oscillation. 

There is, however, a stage in the fission when the 
quasistatic state is markedly disturbed. We have 
noted in 1 that the equilibrium shapes of two mutually 
gravitating nuclei correspond to oblate spheroids 
(Fig. 1). At the moment of fission, however, the frag- 
ments have an entirely different shape, with append- 
ages left from the fission (Fig. 2). In consequence of 
this, the fragments acquire spheroidal shape soon after 
the scission and the appendages are drawn in. Owing 
to the nonquasistatic character of this process, the 
probability of excitation of the vibrational levels may 
be great at this stage. The amount of energy received 
by the fragments after fission determines the number 
and the energy of the secondary neutrons and 7- 
quantas. We assume, in accordance with the experi- 




ments of Wilson, de Benedetti and Fraser, 7>M that the 
secondary neutrons are emitted principally by the 
excited fragments after the scission takes place. 

In the case of fusion of two nuclei (near the thresh- 
old) the process approximates the quasistatic up to the 
moment when the impact takes place. After the im- 
pact, the surface appears to be shrinking rapidly, 
since this reduces the energy of the system. We thus 
see that the course of the fission differs from that of 
the reverse process of fusion. This difference is demon- 

U 




Figure 3 

strated in simplified form in Fig, 3, where the potential 
energy of the nucleus and of the fragments is shown as 
parameter a, which characterises the symmetrical de- 
formation of the initial shape before the fission, and 
the distance between the centres of fragments after 
the fission. 

III. FISSION WIDTH AT HIGH EXCITATION 

At high excitation (E ~ 100 Mev), the irreversi- 
bility of the process of fission is inessential and there- 
fore the fission width may be evaluated from the 
principle of detailed balance. According to the princi- 
ples of detailed balance there is a simple relation 
between the probability of the direct process WA\A% A 
(the fission of the nucleus into fragments A\ and -4 2 ) 
and the reverse one (the building of the nucleus A out 
of the nuclei A\ and A z ). 

= gAULtW A AtA * (4) 



is the statistical weight of the state. 



Figure 



Figure 2 



Here i* is the angular momentum of the nucleus, 
Ah, P(EA^ is the level density of the nucleus with the 
angular momentum, u, E Ak is the excitation energy of 
the nucleus, A k , and 12 is the normalisation volume. 

Proceeding from p A and PA to p and PA (p is momen- 
tum of the relative motion of the fragments) and 
using the relation 

EA + |Afi*| - E Al + EA, + E 

(A cfl is the binding energy of the fragments, and E is 
the energy of the relative motion of the fragments) we 
obtain from Equation 4: 
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" 

/I 



Here 






WA AIA * is the cross-section of the 



fusion of the fragments, /), = \/p(E A )', A'lC/^,) and 
A'aCfiU.) is the average number of the levels of the frag- 
ments A i and A 2, with the excitation 7^, and /<U 2 . 
Owing to_ the exponential dependence A' (74) ^~ 
exp (tf \^E k ) upon the energy /*, at high excitations 
AW 2 are the most important factors in Equation 5. 
Thus at high values of E t and E$ the width of the fis- 
sion F/ is essentially determined in the main by the 
statistical weight of the final state. This estimation is 
similar to the estimation of the multiple meson pro- 
duction according to the Fermi theory. 

Let us compare Equation 5 with the well known ex- 
pression for a neutron width, likewise based upon the 
principle of detailed balance 



crm , 

~~ 2~a ~ "~ ~~ l ^ '* 



= 2(2'' 

2H 

N'(EA') is the number of the levels with the energy 
</!' of the nucleus .-I left, after the neutron was ir- 
radiated. 

is the binding energy of the neutron; ff f .\ nA ' is the 



cross-section of the capture of the neutron by 
nucleus A. Let us find Y//Y n : 



the 



IV 

r 



2(2i rr +"i) 



At high excitation, when there is sense in using Equa- 
tion 5 the exponential factor AVVs/A*' plays the 
principal part. 



If the height of the fission barrier E/ is greater than 
the binding energy of the neutron e, t , then A r iA* 2 A T/ ; 
however in the case of medium nuclei x = (Z 2 /M)/ 
(Z 2 /A) cr < 0.6 the barrier height may be quite low 
for a strong asymmetrical fission. 10 It appears also, 
that at high excitation the barrier height decreases 
owing to the decrease of the surface tension with the 
rising temperature of the nucleus. Therefore for the 
medium nuclei at high excitation the ratio JViA r 2/A r/ 
may not appear very small. And yet, a simple fission 
(observed in the case of bismuth at excitation of about 
E ~ 100-150 Mev) is impossible for sufficiently light 
nuclei. 

Tn fact, even in the case when the total energy of 
excitation is carried away by neutrons, the ratio Z*/A 
will not be so low as to bring the height of the fission 
barrier down to the magnitude of the binding energy 
of the neutron which is the necessary condition for 
emissional fission. 11 

Therefore, for medium nuclei as well as for the 
most heavy nuclei (like uranium), the fission at high 
excitation is apparently the fission of an excited 
nucleus and not the emissional fission, which takes 
place in the heavy nucleus of the bismuth type. The 
fission of medium nuclei was observed in subsequent 
experiments. 
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On the Theory of Nuclear Fission Near Threshold 

By V. G. Nossoff,* USSR 



THE ASYMMETRY OF FISSION 

As is well known, the symmetric deformation of the 
liquid drop nucleus model 1 ' 2 is energetically the most 
favourable in the case of small deviations from its 
spherical shape. Indeed, if the surface of the nucleus 
is given, as usual, by the equation 



CD 



for the potential energy, we find up to the terms of the 
fourth approximation. 
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Here IV = 47T/2 Vand l/ c (0 > = ^i^Vp^R^ are the 
equilibrium values of the surface energy and coulomb 
energy respectively; a is the surface tension, e the pro- 
ton charge, p p the number of protons per unit of 
nuclear volume, R the equilibrium value of the 
nuclear radius. The integral of the product of three 
Legendre polynomials Iu m differs from zero if the sum 
of all three indices is equal to an even number and if 
no one of them exceeds the sum of the two others. In 
this case 
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(3) 



where for a positive integer n the expression nil is 
equal to the product of all positive integers of the same 
parity as w, which does not exceed n. For n = and 
-1, by definition 0!! 1; (-1)!! = 1. 

We note that Equation 2 does not contain the co- 
ordinates CXQ and ai, which are eliminated by means of 
the conservation conditions of nuclear volume and of 
its center of mass position. 

The position of the saddle-point is determined from 
the equations: 



=0; n = 2, 3, 4 



(4) 



* V. G. Nossoff, "On the Problem of Asymmetry of Nuclear 
Fission," Accl. Sci. of the USSR (unpublished). 
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The expansion in Equation 2 permits solving these 
equations in the approximation of small ct n . It ap- 
pears, that the solution obtained by the method of 
successive approximations is in fact an expansion in a 
power series of the quantity 1 x where x = WV 
2/, (0) . It is easy to see also that 2 is a small quantity 
of the order 1 x; 4, a small quantity of the order 
(1 - #) 2 , <*e, of the order (1 z) 8 , etc. All the a n 's 
with odd w-values are equal to zero, i.e., the shape of 
the nucleus at the saddle-point is symmetrical. Let us 
quote in the first non-vanishing approximation the 
well-known expressions 2 for a 2 and for the fission 
threshold u(x) = U - V/UJ measured in t//>- 
units: 

2 = %(!-*); (*) - 9f35 U - *)' (5) 

In the region of the uranium group nuclei the quan- 
tity 1 x is not small and the position of the saddle- 
point cannot be determined in the approximation of 
small deviations from spherical shape. So much the 
more one should not limit himself to a small deforma- 
tion approximation in the investigation of the asym- 
metry of fission. In fact, it is natural to try to explain 
the asymmetry of fission observed experimentally as a 
result of the instability of the nuclear shape with 
respect to asymmetric deformation at some critical 
value of the symmetric deformation. It may appear 
that the point of stability loss lies beyond the saddle- 
point. Restricting ourselves in Equation 2 to terms of 
the form a s 2 and 2a 2 and determining the critical 
deformation 2 , at which the nucleus becomes un- 
stable with respect to small asymmetric deformations 
3 , we obtain: 

--T'7 7 T^ (6) 

Thus even at .r = 1 (a nucleus with x > 1 cannot 
exist because at x = 1 the spherical shape of the sur- 
face ceases to be stable) we get the value 2 = 1 Kc 
which lies evidently beyond the limits of applicability 
of the expansion in Equation 2. In order to account for 
the large deviations of the nuclear surface from 
spherical shape we shall roughly approximate the 
nucleus surface shape by a prolate ellipsoid. For the 
purpose of farther investigation, however, it is essen- 
tial to account for some deviation from the ellipsoidal 
shape manifesting itself in a small "squeezing" in the 
equatorial plane. For this purpose we shall introduce 
the ellipsoidal coordinates by the formulae: 



(7) 




C'V'fJL 



and let the deviation of the nucleus surface from an 
ellipsoid be described by the expression 

KM) - >oU + X + 4,PiGi)|. (8) 

After some simple computation we obtain in the linear 
approximation the following expression for the po- 
tential energy: 
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(9) 

The coordinate A is given by the expression A 
= l/3i/o 2 = 2 /3a 2 , where c is the linear eccentricity 
of the ellipsoid, a its major semi-axis; the coordinate 
AQ is eliminated due to the conservation condition 
of the nuclear volume. 

Solving the equations 8u/BA = 0; 6w/5/t 2 = 0, we 
obtain for the position of the saddle-point and the 
thresholds of fission the results listed in Table 1. For 
comparison, the values of the fission thresholds ob- 
tained by Frankel and Metropolis 8 by means of an 
electronic computer are given in the last column. As 
can be seen from the table, the condition /1 2 <3C 1 is 
fulfilled everywhere, which means that the deviation 
from the ellipsoidal shape is not too great. 

In order to determine the critical deformation at 
which the instability with respect to small asymmet- 
ric deformations appears, we assume for the nuclear 
surface shape the expression 



A o + A i7' 
Table 1 
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0.90 
0.81 
0.77 
0.74 
0.65 
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Thus we have chosen A and A 3 as the symmetric and 
asymmetric coordinates respectively (the parameters 
AQ and Ai are eliminated due to the conservation con- 
ditions of nuclear volume and its center of mass posi- 
tion). After rather simple, but cumbersome computa- 
tions, we obtain in the quadratic approximation: 
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31811567 
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154 
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338369 
7875 



247244 
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30625 
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137673 
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The position of the point of stability loss is deter- 
mined by equating the coefficient of A&* to zero. The 
results of the computation are given in Table 2 for 
five values of the parameter x. 

There exist weighty reasons to suppose that the in- 
stability arising at the critical point is absolute, i.e., 
that the stability cannot be restored at any finite 
value of the asymmetric coordinate. In fact, the sta- 
bility could be restored at the expense of the higher 
powers of the potential energy expansion in a power 
series of A 3 . It appears, however, that the next term 
of the expansion proportional to A 3* is negative. The 
deviations from spherical shape being small: it is equal 



to / (o) [-0.569 + 0.217.v]a 3 4 < as can be obtained 
easily from Equation 2. In the opposite limiting case 
of an ellipsoid with a large eccentricity the coulomb 
energy is negligible, and the surface energy can be 
easily shown to assume the form : 



7T 
4 



- 0.0440 



.la 4 



- I) 



(12) 



i.e., the term we are interested in also appears to be 
negative. It is highly improbable that the stability is 
restored at the expense of still higher terms of the 
expansion. 

The absolute character of the instability permits 
to estimate approximately the ratio of the fragment 
masses in the following way: assuming the symmetri- 
cal coordinate to be equal to the value corresponding 
to the point of stability loss, we ought to increase the 
asymmetric coordinate up to the vanishing of the 
thickness of the neck. The ratio of volumes of the ro- 
tation bodies into which the nucleus breaks up gives 
an estimate of the fragment masses ratio. To account 
for the "squeezing" of the symmetric nuclear config- 
uration we adopt the following equation for the nu- 
clear surface shape 



"oil + /In + 



+ . 



+ 



(13) 

where the parameters AQ and AI are eliminated due 
to the conservation conditions of nuclear volume and 
its center of mass position. Let the quantity Az be 
0.10, according to Table 1. For the values x = 0.81; 
A =0.29 the numerical computations show that with 
the increase of the asymmetric coordinate A* the 
quantity V(M) turns into unity for the first time at 
M = Mcr = 0.29. At this point the rupture of the neck 
has to occur; for the fragment masses ratio we obtain 
Vi/V 2 = 1.9. Taking into account the rough charac- 
ter of the estimate the agreement with experiment is 
reasonably good. 

In the foregoing we have not taken into account the 
effects of interaction of the single nucleons* motion 
with the vibration of the nuclear surface. It can hardly 
be supposed that taking into account of these effects 
could alter the result qualitatively. 
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INTRODUCTION 

The phenomenon of fission is probably the most 
characteristic property of the very heavy elements. 
In a study of the nuclear fission process one seeks to 
answer two general questions. First, how will the 
absolute fission yield, i.e., fission cross section, change 
with the initial kind of nucleus and bombarding con- 
ditions. Second, once fission has occurred how will its 
mass, charge, energy, etc., be divided, and how will 
these behaviors vary with the fissioning nucleus. 
Fong' has studied in some detail the second problem, 
i.e., how the nucleus fissions. In the present paper we 
will be concerned with the first problem, i.e., a study 
of the question of when a nucleus fissions. 

We shall restrict this discussion of fission probability 
to spontaneous fission and induced fission with low- 
energy particles. Although nuclear fission is ener- 
getically possible for the intermediate nuclides, the 
probability for this process is not appreciable for the 
above kinds of fission except for the elements of 
atomic number 7. ^ *>0. The data discussed will 
necessarily, therefore, be limited to isotopes of ele- 
ments thorium and above. 

FISSION THRESHOLD ENERGIES 

For the heavy nuclides it is a well known fact that 
nuclear fission is an exothermic process. The term 
fission threshold is, therefore, a misleading one, since 
a photofission threshold is not a threshold at all in the 
sense of a true threshold, e.g., photoneulron threshold. 
A photofission threshold is somewhat analogous to an 
activation energy for an exothermic chemical reaction. 
The numerical value of a fission threshold is related to 
I ho sensitivity of the fission cross-section measurement 
which is employed in the threshold determination, 
since in the limiting case a small fission cross section is 
observed even though no energy is added to the 
fissioning nucleus (spontaneous fission). The fission 
threshold energy therefore should not be considered 
an energy at which fission no longer takes place but: an 
energy region in which a function of the fission proba- 
bility (i.e., cross section) versus excitation energy 
curve changes its slope. Most of the information on 
fission thresholds has been obtained from experiments 
in which fission takes place in nuclear times compara- 
ble to those involved in gamma and neutron emission. 
Thus, for fission to be observed it must compete to a 
measurable extent with other nuclear processes. 

* Arponne National Laboratory. 



Information about fission I hresholds can be obtained 
from the following measurements: 

1. Photofission thresholds: Koch ct al.* measured 
the photofission threshold of the materials given in 
Table 1. 

2. Neutron-fission thresholds: Fission thresholds of 
nuclides which do not fission with thermal neutrons 
can be calculated from measured neutron-fission 
thresholds plus the appropriate neutron binding 
energies (Table II). 

3. Fast -neutron-fission cros sections: The fission 
cross section of Np 237 is almost constant at neutron 
energies from 2 to 5.5 Mev. 5 ' 3 The ratio of the fission 
probability to neutron emission probability is inde- 
pendent of energy in the above region upon the 
assumption of constant total neutron-absorption 
cross section. The increase in the neutron-fission cross 
section of Np 237 at neutron energies > 5.5 Mev can 
be explained by assuming that at this energy the 
product nuclide after neutron emission begins to have 
sufficient excitation energy to undergo fission, i.e., the 
fission threshold for Np 237 is 5.5 Mev. 

4. Fission thresholds from spontaneous fission half- 
lives: Frankcl and Metropolis 6 have derived an equa- 
tion of the following form for the spontaneous fission 
half-life in seconds, 

r = io~H**f/ (i) 

where Ef (fission threshold) is the energy deficit at the 
saddle point in Mev and k is a constant for a particular 
nuclide. If one assumes that the general form of the 
Frankcl and Metropolis equation is correct, some 
information on the variation of fission thresholds can 
be calculated by employing the experimental spon- 
taneous fission half-lives. For this purpose we will 
assume the photofission threshold of 5.1 Mev for 
U 23S to be correct. Employing a spontaneous fission 
half-life of 8.0 X 10 1B years for U 218 in Equation 1 
gives a k value of 8.706. If one assumes further that k 
is constant for all heavy nuclides, fission threshold 
values of many nuclides can be calculated from 
existing spontaneous fission data (see Table III). 
Table I. Photofission Thresholds 



Target nurleus = 
rom pound nucleus 


Photojission 
thre.thitld, Mfv 


Th 


5 


.40 





0.22 


U3 


5 


.18 





0.27 


U23J, 


5.31 





0.27 


U*3 


5, 


.08 





0.15 


Pu 23 " 


5 


.31 





0.25 
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Target 
nucleus 


Compound 
nucleus 


Neutron fission 
threshold* Mev 


Neutron binding 
energy,* Mev 


Calculated fission 
threshold, Mev 


Th 232 


Th s 


<1 


4.9 


<5.9 


Pa" 1 


Pa" 2 


<0.4 


5.4 


<5.8 


U8 


JJ2B9 


<0.9 


4.8 


<5.7 


U 234 


U 2Sfi 


<0.3 


5.4 


<5.7 


Np 2 " 


Np K 


<0.3 


5.3 


<5.6 



In those cases where the fission thresholds have 
been determined by more than one method, the 
agreement in all cases is within experimental error. 
It is especially interesting to compare the values 
obtained by photofission with those calculated from 
spontaneous fission half-lives since the agreement is 
excellent, thus giving some validity to the assumption 
of constant k over a limited number of nuclides. In 
addition, the values calculated from spontaneous 
fission half-lives support the conclusion drawn from 
other fission threshold determinations that fission 
thresholds do not change very fast with atomic num- 
ber Z and mass number A. Theoretical predictions 6 - 7 - 8 
of fission thresholds disagree quite markedly with 
the values discussed above in that theory predicts a 
much larger variation (see, for example, Figs. 2b and 
3 in reference 6 ) in thresholds than is observed. 

SPONTANEOUS FISSION HALF-LIVES 

Spontaneous fission has not been observed for ele- 
ments with 7. < 90. The probability for spontaneous 
fission is apparently associated with the parameter 
Z~/A, in such a manner that the spontaneous fission 
half-life decreases rapidly with increasing atomic 
number. 

In a discussion of spontaneous fission it is important 
to consider the heavy nuclides in two separate groups: 
(1) nuclides with an even number of protons and an 
even number of neutrons (even-even) and (2) nuclides 
containing an odd neutron and/or odd proton. The 
following empirical correlations will deal with the 
even-even nuclides. The first successful correlation of 
spontaneous fission half-lives was made by Seaborg 9 
and by Whitehousc and Galbraith. 10 These authors 
plotted the logarithm of the spontaneous fission half- 
lives of several nuclides as a function of the parameter 
Z*/A and observed that the logarithm of the spon- 
taneous fission half-lives of even-even nuclides de- 
crease with increasing Z Z /A values in a linear manner. 

The spontaneous fission half-lives of the even mass 
sotopes of an element with even / were expected to 



increase with increasing .1, since from the Z*/A 
parameter the charge per unit volume is diminished 
with increasing -! . The even-even isotopes of uranium 
were the first observed exception to the above linear 
relationship. 11 The measured spontaneous fission half- 
life of U 238 is smaller than that of U 2 * 1 , whereas from 
the Z*/A correlation one would have predicted the 
spontaneous fission half-life of U S ' J> * to be one hundred 
times larger than the value of U 234 . 

The recent production of several heavy nuclides by 
intense neutron irradiation in sufficient quantities for 
spontaneous fission half-life determinations 13 has 
made it possible to greatly extend the data on spon- 
taneous fission stability. These new data reveal that 
the spontaneous fission half-lives of even-even isotopes 
of other elements also do not continue to increase with 
increasing A but behave in a way analogous to the 
even-even uranium isotopes. Thus, all of the data con- 
sistently show that the even-even spontaneous fission 
half-lives of a particular element when plotted 
against some function of A fall on a parabolic curve 
with a maximum at an .1 value which is in the neigh- 
borhood of maximum beta-stability. 11 - 13 Beyond this 
maximum the half-lives continue to decrease with 
increasing A. The experimental data are plotted in 
Fig. 1. 

The fundamental nature of the spontaneous fission 
process and its direct relation to the understanding of 
nuclear structure make it worthwhile to discuss possi- 
ble explanations of the shorter spontaneous fission 
half-lives beyond the maximum. This properly may be 
associated with closed shells and thus result from 
changes in the nuclear deformation of the heavy 
nuclides. 

It is generally accepted at present that many prop- 
erties of the heavy nuclides, e.g., quadrupole moments, 
rotational levels, etc., can best be accounted for by 
collective nuclear motion. 14 ' 15 The energies of the first 
excited states in even-even nuclides are closely related 
to closed shells. The rotational excitation energies 
decrease rapidly beyond the double closed shell at 



Table III. Fission Thresholds (Mev) from Spontaneous Fission Half-Lives (Equation 1 ) 
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Nudide 
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\Mflide 


/*, 
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Kf 
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Ef 


Ra 


4.9 


U 234 


5.1 


p u 2 


4.4 


Cm 241 


4.0 


Cf 


4.0 


ThMG 


5.3 


U 23:v 


5.3 


p u *;j 


4.5 


Cm 242 


4.1 


Cf 2 * 


3.8 


Th 232 


5.4 


U28B 


5.1 


p u 2aa 


5.1 


Cm 244 


4.1 


Cf* 


3.5 


Pa 231 


5.1 


IJ2SH 


5,1 


Pu 240 


4.5 


Bk 24 ' 


4.2 


99251 


3.9 


U 232 


4.8 


Xp 2 ' 


5.2 


Pu 242 


4.5 


Cf 24 " 


3.7 


99264 


3.4 


U 233 


5.3 


Xp 23<> 


4.7 


Am 241 


4.8 


Cf 248 


3.7 


100 2M 


3.2 
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Figure 1. Spontaneous fission half-lives as a function of Z*/A. Solid 

points represent even-even nuclides and the circles, odd nuclides. The 

arrow signifies a lower limit to the half-life. 

lead, corresponding to an increasing nuclear deforma- 
tion as one moves away from the closed shells. How- 
ever, the magnitude of the energies of the first excited 
states in the even-even nuclides for / > 90 are about 
equal, and the above criterion fails to distinguish be- 
tween the nuclear deformations in the very heavy 
region. Due to the nature of the spontaneous fission 
process, one would expect that differences in the 
probabilities for spontaneous fission disintegration are 
a very sensitive measure of small changes in nuclear 
deformation. A study of the trends in spontaneous 
fission half-lives may therefore be an extremely sensi- 
tive method of determination of the nuclear deforma- 
tions and thus give some information on the filling of 
nuclear subshells. 

Bohr and Mottelson have suggested that the life- 
times of the M4 transitions in the odd A nuclei in the 
regions before the closed shells at 50, 82 and 126 can 
be understood in terms of nuclear deformation. The 
above authors calculated the ratios of the observed 
transition probabilities to that of the single particle 
transition probabilities between the appropriate single 
particle states (this ratio designated as the unfavored 
factor F). It is shown that the Af4 transitions are 
consistently slower by a large factor than expected 
for an uncoupled particle. This reduction provides 
evidence that the particle transitions are associated 
with an appreciable readjustment of the collective 
field. Thus for nuclides near closed shells, the /""-factors 
are the largest. Moreover, for a series of isotopes of the 



same element, the /^'-values decrease as one moves 
away from a closed shell nucleus. These trends can be 
correlated with the increased nuclear deformation 
away from closed shells, a property reflected in many 
nuclear properties. 

It is possible to interpret the spontaneous fission 
half-lives in a way analogous to the A/4 transitions. 
For example, Cf 2BO has 26 neutrons beyond the 126 
neutron closed shell. These 26 neutrons may complete 
the g w and the ji^ levels. Pairs of nucleons would be 
expected to occupy these levels preferentially, since 
the pairing energy of nucleons in these high j orbits 
is probably large. Therefore, this supposition is in no 
way contradictory to the observed spins of ?, Yi and 
% for U m , Pu 289 and Pu 241 , respectively. The spins of 
U m and Pu 241 can be explained quite simply by 
assuming the j\^ level to be filled and the d^ level 
containing one nucleon and one hole respectively for 
which in both cases the expected spin would be 5^. 
Pu 239 would contain three nucleons outside the j\^ 
orbit and the individual spins of the three particles 
may couple in the ground sta'e to give a resultant 
spin of . Higher mass Cf isotopes, i.e., Cf 262 , etc., 
would have extra nucleons outside the g% and ju^ 
orbits and as a result be more deformed, thus increas- 
ing the probability for spontaneous fission. It could 
also be argued that Cf 246 and Cf 248 , with holes in the 
uncompleted orbit, would also be more deformed 
than Cf 260 , giving some reason for the maximum spon- 
taneous fisson stability at Cf 250 . The degrees of oblate 
and prolate distortions may also play a role in spon- 
taneous fission. Hill and Wheeler have pointed out 
that for x particles outside a closed ^hell, oblate dis- 
tortion is favored when x <YiJ and prolate distortion 
when x > K/- An Y quantitative analysis of the 
trends in the spontaneous fission half-lives of the 
even-even nuclides will have to consider some of the 
above effects in addition to the charge-volume effect 
discussed earlier. 

No discussion of spontaneous fission half-lives is 
complete at present without some mention of the odd 
nuclides (class 2 defined previously). Sufficient spon- 
taneous fission half-life measurements (in most cases 
lower limits) have been made on odd nuclides to make 
the following general statement. The odd nuclide 
spontaneous fission half-lives are much larger than one 
would predict by interpolation between the experi- 
mental data of the even-even nuclides (see Fig. 1). 
The odd nucleon decreases the probability for spon- 
taneous fission by factors up to 10 6 . This is analogous 
to the hindered ground state transitions of the odd 
nuclei in the alpha-decay. The odd nucleon may in- 
crease the spontaneous fission half-life by damping 
the collective motion of the nucleons and thus hinder- 
ing the probability for critical deformation. One might 
explain this damping in the following way. 

In an even-even nuclide all the nucleons are paired, 
resulting in a spin of zero, whereas in an odd nuclide 
there is always at least one odd nucleon in a certain 
level. The restrictions on the odd nuclide during the 
oscillation of the nuclear matter, e.g., conservation of 
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spin, reduces the frequency with which it can reach 
the deformation shape, whereas pairs of nucleons can 
move into other levels with only the restriction re- 
quired by the symmetry of the wave functions. Thus 
one might expect the fission threshold energy for odd 
nuclides to be greater than for even-even nuclides. 
The experimental evidence on this point is very 
uncertain. However, it is interesting to note that the 
measured photofission thresholds of U 233 and U 235 are 
slightly higher than that of U 238 , although the experi- 
mental errors may render the difference unreliable. 

INDUCED FISSION CROSS SECTIONS 
Thermal-Neutron-Fission Cross Sections 

An examination of thermal-neutron-fission cross 
sections reveals that a large number of the nuclides 
which undergo fission with slow neutrons contain an 
odd number of neutrons. This may be qualitatively 
explained by the fact that the resultant compound 
nucleus has more excitation energy than the com- 
pound nuclei formed from thermal -neutron capture on 
neighboring isotopic even-neutron nuclei. Actual 
values of oy (slow-neutron-fission cross section) are 
somewhat difficult to predict due to the uncertainty 
in the level density of different excited nuclei. For this 
reason it has been suggested 16 that the ratio o//o> 
(where cr y is slow-neutron-radiative capture cross sec- 
tion) is a better measure of the fissionability of a 
nuclide and should be used for comparative purposes 
rather than values of oy alone. This follows from the 
fact that the radiation width, 1\, is expected to vary 
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Figure 2. Logarithm (base 1 0) of the ratios, <r//<r> vs AC values which are 
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only slowly for the heavy nuclides in the energy range 
under consideration, whereas the fission width, F/, 
should be a highly dependent function of the nuclear 
excitation energy. The ratios, 17 <r//o>, of several nu- 
clides are thus correlated with A7*:, where A = E n 
Ef, that is, the difference between the neutron 
binding energy and the fission threshold energy. The 
thermal neutron fission ratios, 07/07, are plotted in 
Fig. 2. against AE, where K f has been assumed to be a 
constant, 5.3 Mev. Several interesting cross-section 
predictions can be made for nuclides which have had 
only their thermal-neutron-fission or radiative-cap- 
ture cross sections measured. For example, one would 
predict rather large slow-neutron-fission cross sections 
for Cm 245 and Cf' 2B1 since both have large radiative- 
capture cross sections. 18 

Gamma Fission Yields 

Nuclides excited with gamma rays can de-excite by 
fission, neutron emission, or re-emission of one or a 
cascade of gamma rays. The yields of the two reac- 
tions U 238 (T,W) U 287 and U 288 (7,fission) produced by 
bremsstrahlung have been measured as a function of 
the maximum energy of the X-ray spectrum. 19 With 
the aid of the Schiff bremsstrahlung spectrum 20 the 
above yield curves were analysed to give cross sec- 
tions as functions of discrete gamma-ray energies. 
The cross-section cuves calculated from the experi- 
mental data are shown in Fig. 3. At excitation energies 
between 6 and 11.3 Mev an excited U 288 nucleus can 
either fission or emit one neutron (neglecting gamma 
emission). At energies above 11.3 Mev the product 
nucleus U 287 after neutron emission begins to have 
sufficient energy to fission or emit a second neutron 
(since the neutron binding energy and fission threshold 
of U 237 are both about 5.3 Mev and the neutron binding 
energy of U 238 is 6.0 Mev). If we let <r (T ,/) represent 
the cross section for the (7,fission) reaction and (r (T , n ) 
the cross section for the (y,n) reaction, the calculated 
results from our U 288 data show the branching ratio, 
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Figure 4. The fUsionability of several materials relative to U" K are 
plotted as a function of the Z*/A value* of the bombarded nuclei. The 
circles represent an average of the data obtained from gamma ray* at 
two betatron energies, 1 7 and 20 Mev. The crosses are data of McElhin- 
ney and Ogle (see reference 22) 

A' ~ fr(7,/)/V< 7 ,/) +<r(y,n)) for U 23S to he nearly con- 
stant at 0.2 in the excitation region 8 to 11 Mev. Thus 
the probability for fission relative to the probability for 
neutron emission is independent of the excitation in 
the above energy region. The next question is how the 
above branching ratio changes as a function of Z and 
.1. Since an analysis similar to that made on U 238 is 
not practical for a number of materials, a study of the 
relative photofission yields (U MK standard) of U 236 , 
U 235 , U" 4 , U 233 , Th" s , Np" 7 and Pu M9 were made. 21 
These measurements extended the results of Mc- 
Klhinney and Ogle 2 - and were obtained by a different 
experimental technique. The average of the data 
measured at 17- and 20-Mev betatron energies are 
plotted in Fig. 4 as a function of the Z-/A values of the 
bombarded nuclei. To a first approximation, relative 
fissionability may be considered to be linearly de- 
pendent upon Z'/A according to the relation 

relative fissionability - 1.3[(Z 2 /VI) - 34.7] (2) 

If one assumes that the gamma absorption cross 
sections of the above nudides do not differ appreciably 
from that of U MH , it is possible to calculate the fission 
branching ratios for other nuclides by the relation 



relative fissionability = A" nu ,,| itlc /,Yu* ! "' 



(3) 



where the relative fissionability is assumed to be a 
measure of the relative fission cross sections. For 
20-Mev bremsstrahlung, it is necessary to modify 
equation (3) for higher order contributions to the 
fission process such as (y,nf) and even (y,nnf) reac- 



tions, but to a first approximation Equation 3 should 
be valid. By equating Equations 2 and 3 a relationship 
between the fission branching ratios and the parame- 
ter 7^1 A is obtained: 

A^M./A'v... = 1.3[(ZV--0-id. - 34.7] (4) 

Substituting a particular Z 2 /A value into Equation 
4 gives a measure of the branching ratio for that 
nuclide. For example, one calculates from Equation 4 
an X value of 0.6 for Pu 239 . This means that 60 per 
cent of the Pu 239 atoms are destroyed by fission and 
40 per cent by neutron emission. It. can be seen from 
Equation 4 and Fig. 4 that fission competes favorably 
with neutron emission for elements Z > 90 and fission 
becomes more and more probable with increasing 
Z*/A. 
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Energy Loss and Total Charges of Fission Fragments Passing 
through Matter 



By N. O. Lassen,* Denmark 



The fragments resulting from fission of a uranium 
nucleus fly apart from each other with velocities of 
about 10 9 cm per sec. Some of the electrons belonging 
to the mother uranium atom will probably follow the 
daughter nuclei. Meanwhile, in collisions with the 
atoms of the surrounding medium, exchange of elec- 
trons will take place. Sometimes the fragment will 
lose an electron, or maybe more electrons, sometimes 
it will capture electrons. Thus, a fragment is an ion 
with a total charge equal to the difference between 
the nuclear charge and the number of accompanying 
electrons. When passing through matter the fragment 
will very quickly reach a charge state for which the 
probabilities for electron capture and for electron loss 
are about equal. The total charge will fluctuate around 
this mean value, which in the beginning of the path is 
of the order of magnitude 15-20 c, where is the elec- 
tronic charge. The cross-sections for electron capture 
and loss vary with the velocity of the fragment, and 
the total charge decreases, when the fragment is 
slowed down. 

This decrease in total charge along the path is a 
property of the fragments which is significant for their 
whole behaviour. In the beginning of the path, where 
the fragments have high charges, the energy loss per 
cm is high. As the fragments are slowed down, the 
decreasing total charge involves that the specific en- 
ergy loss also decreases along the path. According to 
theoretical considerations as developed by Bohr 1 the 
range of the fragments may be divided into two parts 
over which the stopping mechanisms are essentially 
different. In the first part of the range the energy loss 
will, almost entirely, be due to excitation and ioniza- 
tion of the atoms, and here the energy loss decreases 
along the path, as just mentioned. Near the end of 
the range, when the fragments reach a velocity of the 
order of V$ = 2 /ft, they will be almost completely 
neutralized, and the energy loss in electronic collisions 
becomes very small. However, here begins the second 
part of the range. The fragments still have a consider- 
able kinetic energy of the order of a few Mev and they 
will travel an appreciable distance before being finally 
stopped. Along the second part of the range the stop- 
ping is due mainly to nuclear encounters, i.e., colli- 
sions in which the kinetic energy is imparted to the 
stopping atom as a whole. From the theory it follows 



that the specific energy loss due to such nuclear col- 
lisions increases towards the end of the path. 

Some of the mentioned features are well illustrated 
by the cloud-chamber experiments by K0ggild, Bros- 
tr^m and Lauritsen. 2 The tracks are characterized by 
the many branches, and it can be directly seen on the 
photographs (Fig. 1), from the number of branch 
tracks, that the energy loss due to nuclear collisions 
increases with decreasing residual range and reaches a 
maximum near the very end of the range. Using sta- 
tistical methods it was possible from the cloud-cham- 
ber experiments to derive the velocity- range curve for 
the whole range. 

A more direct measurement of the specific energy 
loss in the first part of the range was undertaken by 
means of the apparatus sketched in Fig. 2. 8 To the 
left side in the box is placed a brass plate carrying a 
thin uranium layer supported on a mica sheet. In 
front of the uranium is placed another metal plate 
with a number of collimating holes. To the right side 
in the box is a shallow ionization chamber; the frag- 
ments enter through one of its electrodes which is a 
thin foil of gold supported on a framework. The ura- 
nium could be moved; thus, (he specific ionixation at 
various points of the range could be measured in rel- 
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Figure 1. Track* of flwion fragments. (Photograph by Dr. J. K. B0ggild) 
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Figure 2. Arrangement for measuring the specific ionization by fission 
fragments along the path 

ative units. The box was placed close to the cyclotron 
and irradiated with neutrons from an internal beryl- 
lium target. Figure 3 shows some ionization distribu- 
tion curves obtained with deuterium in the box. The 
two lower curves correspond to distances between the 
uranium layer and the ionizatioii chamber of 21.0 and 
25.8 mm, respectively. In both cases the distributions 
clearly show the existence of the well-known two 
groups of fragments. It may also readily be seen that 
both peaks move to the left for increasing distances, 
the peak belonging to the heavy group moving faster 
than the other peak. For a distance of 16.2 mm the 
two peaks are rather close to each other, and for the 
still smaller distance of 11.5 mm they almost coincide. 
Figure 4 shows the distributions for higher values of 
the distance. The peaks move more and more to the 
left with increasing distance; the heavy group disap- 
pears in the background for a distance somewhere be- 
tween 30 and 35 mm, while the light group may still 
be seen at a distance of 45 mm. 

By plotting the abscissae for the peaks against the 
corresponding distances, curves shown in Fig. 5 are 
obtained. Due to the unavoidable background in the 
ionization chamber experimental points could be ob- 
tained only for the first part of the path. Here the 
stopping is due almost entirely to electronic encoun- 
ters. It is satisfactory that the points corresponding 
to ordinary hydrogen (open circles) and to deuterium 
(full circles) fit the same curves. Along a considerable 
part of the range the specific ionization decreases al- 
most linearly for both groups of fragments. By extrap- 
olating the curves to zero ionization it is possible to 
define extrapolated ranges. The values so obtained are 
found to be much smaller than the values measured 
in cloud chamber studies by B^ggild, Arr0e, and 
Sigurgeirsson. 4 This is in conformity with the theory, 
since, as mentioned above, when the energy loss due 
to electronic interactions has become negligible, the 
fragments still have a considerable residual range. 

In the figure an attempt has been made to derive 
the energy loss curve for the whole range. The end- 
points of the curves are the ranges given by B0ggild, 
Arrjzte, and Sigurgeirsson. The end-parts of the curves 
show the energy loss per cm due to nuclear collisions, 
as calculated from the theory [reference 1, formula 



(5.1.2.)]. By fitting the two parts of the curves in a 
smooth way the result shown in the figure is obtained. 
While the curves for hydrogen and deuterium are 
identical in the first part of the range, they differ in 
the second part, due to the different nuclear masses. 
This gives rise to different total ranges in hydrogen 
and deuterium, as also found by Bjrfggild, Arr^e, and 
Sigurgeirsson. 

Curves obtained in argon have a similar appear- 
ance (Fig. 6). Here the experiments seem to show 
rather definitely, that the curves cross over each other, 
the heavy group having the higher initial ionization. 

From the specific ionization curves, energy-range 
and velocity-range curves may be calculated. In Fig. 7 
these curves are given for argon; for comparison some 
velocity-points obtained by B0ggild, B rostrum, and 
Lauritsen are shown; the agreement is fairly good. 

Also the charges may be calculated. However, in 
other experiments the total charges have been directly 
measured by deflecting the fragments in a magnetic 
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Figure 3. Ionization distributions in deuterium corresponding to distances 

between uranium layer and ionization chamber ranging from 11.5 to 

25.8 mm D 2 . Ordinate: number of fragments; abscissai pulse size in 

Mev per mm D 2 
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Figure 4. Further ionization curvet in deuterium 

field. 5 The arrangement shown in Fig. 8 was used. A 
thin strip-formed uranium layer (11) is placed close 
behind a beryllium plate (9) between the cyclotron 
dee's (10). Some of the fission fragments from the ura- 
nium layer puss through a movable slit (12); through 
a second slit (16) covered with a mica foil they enter 
an ionization chamber and are recorded. By counting 
for various positions of the movable slit, deflection 
distribution curves were obtained. The deflection 
chamber, i.e., the space between the uranium layer 
and the mica window, could be evacuated or filled 
with a gas to a low pressure. When it is empty, each 
fragment must possess the same charge along the 
whole deflection path, and the deflection distribution 
gives information about the charges with which the 
fragments leave the surface of the uranium layer. 
When a gas is admitted to the chamber, charge ex- 
change processes will take place along the path. When 
the pressure is sufficiently high, the fragments will 
reach the state of equilibrium between electron cap- 
ture and loss close to the uranium target, and the 
charge will fluctuate around the mean value along the^ 
whole path. In Fig. 9 the two curves to the right show" 
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Figure 5. Energy loss along range in hydrogen and deuterium. Open 
and full circles correspond to HZ and Do, respectively 
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Figure 6. Energy lost along range in argon. Part a of the curves giving 

the energy loss due to nuclear collisions is theoretically calculated, while 

part b is experimentally measured 
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Figure 7. Energy vs range (scale to the left) and velocity vs range (scale 
to the right) in argon. Indices 1 and 2 refer to the light and heavy frag- 
ment, respectively. The points are the velocities given by Mggild, 
Brostr0m and LaurHsen 
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the charge distributions for fragments having passed 
a thin Be-layer and emerging into vacuum. The two 
curves to the left show charge distributions obtained, 
when the fragments emerge into argon at a pressure of 
0.9 mm Hg. White and black points correspond to the 
light and heavy group of fragments, respectively. In 
order to understand belter the curves, let us for a mo- 
ment assume each of the two groups of fragments to 
be homogeneous, that is, within each group all frag- 
ments have the same nuclear charge, mass and veloc- 
ity. Along the path through matter the total charge 
fluctuates, the charge exchanges being randomly dis- 
tributed. Hence at a definite point of their range, for 
instance when leaving the surface of the beryllium 
layer, the fragments will have a charge distribution 
which shows the magnitude and frequency of the fluc- 
tuations. This fluctuation distribution is measured 
when there is vacuum in the deflection chamber. With 
a high gas pressure in the chamber a high number of 
charge exchange processes also takes place along the 
deflection path and, consequently, the deflection will 
be determined solely by the mean charge. In agree- 
ment with this consideration the peaks obtained with 
argon in the chamber are much narrower than those 
corresponding to vacuum. The small residual widths 
may be accounted for partly by the geometry of the 
apparatus, partly by the inhomogcneity of the frag- 
ment groups. 
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Figure 8. Apparatus for measuring the deflection of fission fragments in 
a magnetic field 
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Figure 9. Charge distributions of flssioh fragments. The abscissa is the 
displacement a of the movable slit in the deflection apparatus, a is pro- 
portional to e/mv. Below is given the epprvximate charge scale cor- 
responding to the mean value of mv. Circles refer to fragments having 
traversed a thin Be-layer and emerging into vacuum. Triangles refer lo 
fragments emerging into argon at a pressure of 0.9 mm Hg. White and 
black points correspond to the light and heavy fragments, respectively 

Besides in the widths, the curves differ in two other 
respects. Firstly, the charges are found to be much 
lower in argon than in beryllium. In beryllium, the 
mean charges are about 22 and 24 c for the light and 
heavy fragment, respectively, while in argon the cor- 
responding figures arc 16 and 15 e. Secondly, in beryl- 
lium the heavier fragment has the higher charge; in 
argon it is opposite, the lighter fragment has the 
higher charge. 

Measurements in a number of materials have given 
the results shown in Fig. 10. As seen, the charges are 
about the same in all solids, though a slight variation 
with atomic number of the stopping medium is found. 
The same result applies to gases, and here the curves 
also show some anomalies for the lightest substances. 
The salient feature, however, is the considerable dif- 
ference between the charges in solids and in gases. 

This difference is again apparent in Fig. 11. Here 
the most probable deflections are plotted against the 
pressure of argon in the deflection chamber. For zero 
pressure the deflections correspond to the mean 
charges in uranium, for a pressure ^1 mm they cor- 
respond to the mean charges in argon. For intermedi- 
ate values of the pressure, intermediate values of the 
deflections are obtained, because at such low pressures 
the fragments do not reach the equilibrium charge 
state before having traversed a considerable path in 
the deflection chamber. The transition curves yield in- 
formation about the length of this path and, hence, 
the cross-section for electron capture may be esti- 
mated. For the light fragment in argon a capture 
cross-section of the order of magnitude 10~ 16 cm 2 is 
found, in close agreement with theoretical estimates 
by Bohr and Lindhard 6 and by Bell. 7 The transition 
curves show clearly that the heavy fragment has a 
much higher capture cross-section (~10- 18 ), which 
also agrees with theory. 
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Figure 10. Equilibrium charges of fission fragments in various substances 

plotted against the atomic number. White and black points correspond 

to the light and heavy fragments, respectively 

Another interesting feature exhibited by the curves 
in Fig. 11 is the increase in charge with increasing 
pressure for higher pressures. This increase may be 
understood by the following considerations. After a 
collision the fragment ion will often be left in an ex- 
cited state. An electron is more easily removed from 
an excited state than from the ground state and the 
probability for loss of the electron depends on whether 
the ion has time to get rid of the excitation before the 
next collision. The time intervals between successive 
collisions are inversely proportional to the pressure. 
The higher the pressure is, the shorter are the inter- 
vals, the higher is the probability for finding the frag- 
ment in an excited state when a collision occurs, the 
higher is the loss cross-section and the higher is the 
balance charge. 

With the experimental arrangement described, it 
was not possible to follow the charge increase beyond 
pressures of about 10 20 mm. Using the modified ar- 
rangement shown in Fig. 12 measurements could be 
made at somewhat higher pressures. 8 Here the ioniza- 
tion chamber is moved closer to the uranium layer and 
the mica window is omitted. Three spectrographs arc 
used in parallel to increase the yield. 

The results are given in Fig. 13. As seen, the rate of 
charge increase is highest for pressure below some 
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Figure 1 1. Most frequent deflection a In mm plotted against the pressure 

of argon in the deflection chamber/ White and black points correspond 

to the light and heavy fragments 




Figure 12. Modified deflection apparatus for measurements at high 
pressures 

20 mm of argon or some 100 mm of the light gases. 
From the rate of increase the order of magnitude of 
the radiation life time may be estimated to be about 
10~ u sec. At high pressures the charges seem to ap- 
proach values some 3 or 4 units higher than the 
charges at very low pressures. Still, the charges are 
lower than in solids. 

According to theoretical considerations by Bohr the 
total charge of fission fragments is approximately 
given by the formula 



where v is the fragment velocity and v is the effective 
quantum number for the outermost electron in the 
ion. For the heavy fragment v is close to Z^, where 
Z is the nuclear charge. The experimental value in 
argon at low pressure, 15*, agrees closely with the for- 
mula. Using the relation v = Z^ would lead to a 
charge of about 20e for the light fragment. However, 
v must, for the light fragment, be expected to be some- 
what smaller than Z**, which is in conformity with 
the experimentally observed value of 16*. As men- 
tioned, the charge increase with pressure may be ac- 
counted for by considering the competition between 
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Figure 13. The total charge of the light fragment in hydrogen, helium 
and argon as function of the pressure 
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radiation from excited states and collisions. However, 
closer considerations show, that the phenomena may 
be even more complicated. If, for instance, an elec- 
tron is captured in an excited state, the excitation en- 
ergy will rapidly be shared among several electrons, 
and when the next collision occurs, the first electron 
will be found in a somewhat lower state. This sharing 
process will be independent of the pressure, since the 
time, Tdit, for the distribution of the excitation energy 
is small compared with the time lapse r e> between suc- 
cessive collisions, even at high gas pressures. However, 
in very dense materials, such as solids, r c may be com- 
parable with, or even smaller than TK B , and the con- 
sidered electron may, until the next collision, remain 
in the highly excited state, from which it is easily re- 
moved. Such considerations would account for the 
higher charges in solids. Also, a qualitative argument 



can be given for the inverse ratio between the charges 
of the light and heavy fragment in gases and in solids, 
respectively. All these phenomena have been discussed 
in the paper by Bohr and Lindhard. 6 
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Mr. A. BOHR (Denmark) presented paper P/911. 

Mr. J. A. WHEKLKR (USA) presented paper P/593. 
As he included a certain amount of new material, his 
presentation is reproduced here in full: 

We have just heard a most interesting and valuable 
account by Mr. A. Bohr of spin and parity effects in 
nuclear fission. We have seen a striking agreement 
between experiment and his theoretical conclusions. 
This agreement has to be taken as one more verifica- 
tion of the unified or collective nuclear model. Let me 
therefore briefly recapitulate some of the features of 
nuclear physics as embraced in this model. Let me then 
apply this point of view to consider five points: (1) 
slow neutron resonances, (2) fission barriers, (3) irregu- 
lar variations in the fission cross-section for neutrons 
in the Mev range, (4) angular anisolropy in direction 
of fission, and (5) stability of superheavy nuclei. 
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Some features of the nucleus arc most economically 
described, as is well known, in terms of individual 
particle orbits, and others in terms of collective mo- 
tions of the nucleus as a whole. The need for a unified 
model is clear. The possibility for such a picture 
follows from the circumstance that sufficiently heavy 
nuclei undergo collective oscillations with a period 
long in comparison with the time required for an 
individual nucleon to cross the nucleus. The time 
ratio is even longer in the case of a collective rotation. 
Consequently, it is a reasonable approximation to 
regard the individual nucleon motions as adjusting 
themselves adiabatically to the changing configuration 
of the nuclear surface. In this respect, it is appropriate 
to compare the nucleus with a molecule. 

In the one case, as shown in Slide 1, the individual 
particle states are occupied by electrons; in the other 
case, by nucleons. In both cases these individual 
particle orbits are affected in wave function and in 
energy by the slowly varying co-ordinates that de- 
scribe deformations and rotations. In the one case, 
these co-ordinates are the inter-nuclear distances, ri 2 , 
and so on; in the other case, they are the measures, 
2, as, and so on, of the various independent kinds of 
deformation and rotation of the nuclear surface. 

Slide 2 estimates for a uranium nucleus and for a 
hydrogen molecule the comparative periods for col- 
lective oscillation and for motion of the most energetic 
individual particle- periods that are evidently con- 
sistent with the adiabatic approximation. 

Slide 3 illustrates in a rough and schematic way, both 
for the molecule and for the nucleus, the difference 
between the two kinds of excitation of the system. 
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Slide 2 

The curves show energy of the system in a certain 
approximation as a function of deformation, both for 
the molecule and for the nucleus. This energy depends 
not only upon the deformation of the system but also 
upon the quantum numbers of the states occupied by 
the individual particles. Consequently, each curve is 
characterized by a different set of quantum numbers: 
the quantum numbers n for electronic excitation in 
the one case; or n for nucleonic excitation, in the other 
case. Collective motion is described in quite another 
way, for it is associated with a time rate of change of 
co-ordinates such as r lz or a. The corresponding exci- 
tations are described approximately not by a new 
set of curves, but by different amplitudes of motion 
along the curves already indicated. Associated with 
these collective excitations are vibrational and rota- 
tional quantum numbers, v and J (or /). 

It is one feature of the collective or unified descrip- 
tion that it treats all nucleons in the same way, 
whether they are in completely filled or in partially 
tilled shells. Also the unified model supplies a plan how 
to improve one's preliminary description of any given 
nuclear process, whether one starts with the indi- 
vidual particle picture or with the liquid drop model. 
It is appropriate to start with the individual particle 
picture when one is dealing with features of nuclear 
behavior that depend principally upon the properties 
of one nucleon. Among such features are the spins and 
magnetic moments of certain nuclear ground states, 
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and many transition probabilities, and elastic or 
nearly elastic scattering of nucleons that arc merely 
" tasted" by the nuclear potential without being 
"assimilated" into a compound nucleus. In such cases 
the unified model suggests as next step in the analysis 
allowance for the perturbation of the individual 
nucleon orbit by other orbits and by wall deformations. 
In contrast, collective motions such as vibration and 
fission receive their firsl approximate description in 
the liquid drop model. In Slide 4, energy is calculated 
as a function of deformation, starting with the equilib- 
rium spherical configuration of a uniformly charged 
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liquid drop, and leading over a fission barrier to 
rupture and rapid separation of two fragments. Above 
is a contour diagram of the same deformation energy. 
Each curve is a line of constant energy. The principal 
deformation co-ordinate is plotted horizontally. Ver- 
tically is plotted another typical deformation co-ordi- 
nate, such as would correspond to an asymmetric 
distortion. -1 is a minimum and C a saddle point. 

This picture of fission is only a crude first approxi- 
mation, according to the unified model. First, there 
is not one energy surface, but a great number of 
energy surfaces, characterized by different values of 
the nucleonic quantum numbers. Second, the mini- 
mum of the typical surface will occur for a finite 
deformation, corresponding to the appropriate nuclear 
quadrupolc moment, which will differ from one nu- 
cleonic state to another. Third, the height of the 
fission barrier above the minimum will differ from one 
nucleonic state to another, as already mentioned by 
Mr. Bohr. In particular, one has to expect a de- 
pendence of fission barrier upon nuclear spin and 
parity. Such changes in barrier heights will have their 
effect upon fission probability and partial level widths 
with respect to fission. 

Slide 5 illustrates the levels of a given spin and 
parity belonging to a compound nucleus of an exci- 
tation up to E. In the center is a contour diagram of 
energy as a function of the principal deformation 
parameter plotted horizontally, and one other typical 
deformation parameter. With the energy , all points 
are accessible that lie within the outer curve. The 
representative point of the system ultimately acquires 
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enough velocity of collective motion to pass over the 
saddle point to fission. At the saddle point three 
nucleonic states of the given spin and parity are 
accessible; or N = 3. A simple statistical analysis of 
this problem leads one to expect, in the most primitive 
approximation, level width for fission proportional to 
the spacing of levels of the given spin and parity in 
the compound nucleus and proportional also to N. 
In a more nearly complete analysis one has to expect 
F/ to represent, not the width of any specific level of 
the compound nucleus, but the average of the width 
over a number of levels. Widths of individual levels of 
the given spin and parity will vary about this average 
in accordance with a statistical law like that for slow 
neutron widths, so long as N is one. They will show 
less variation when N is larger. This fluctuation is 
over and above any difference in P/ due to the two 
different spin values of the compound nucleus, 7 J-^, 
and the marked differences in barrier heights and level 
widths that may be associated with these two values. 

Now to pass from these expccttitions about fission 
widths to the observations, and what they tell about 
fission barriers. At other sessions of this Conference 
fission widths are reported for U 285 bombarded by 
slow neutrons. The ratio of observed fission widths to 
level spacings is of the order of one tenth. It would 
not be unreasonable to assume that A r 1 or that 
only one nucleonic level is accessible in the saddle 
point configuration. This means an R value for U 236 
lying between the lowest level and the first excited 
level. A still lower excitation would call for barrier 
penetration and would greatly reduce the level width 
in disagreement with observation. The value N = I 
is also reasonable because the fission widths fluctuate 
about as much as the neutron widths and the neu- 
tron widths themselves, of course, lead to only a 
single level of the residual nucleus. Hut to say A" = 1 
means a great uncertainty in our knowledge of the 
fission barrier height relative to E- -an uncertainty of 
perhaps as much as 2 Mev, even greater than that 
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proposed in the original text of this report. Now let us 
pass from level widths to barrier heights. 

Slide 6 shows the case of the target nucleus U 235 , 
the compound nucleus U 236 , and .he energy of excita- 
tion 6.4 Mev set free by binding of the extra neutron. 
The I Mev with the question mark symbolizes the 
depression of the fission harrier below this excitation 
by an amount anywhere from to 2 Mev. The fission 
barrier is therefore expected to have a height any- 
where from 4.4 to 6.4 Mev. The situation for U 235 is 
almost exactly duplicated by the situation for Pu 239 . 
There also the 5.5, with a question mark added, indi- 
cates a height anywhere from 4.4 to 6.4 Mev. The 
case of Th 282 is much better defined, for the incoming 
neutron must have an energy a little over 1 Mev before 
it produces fission. Adding this to the neutron binding 
gives a barrier height of about 6.2 Mev. Other figures 
for barrier heights come from photo-fission measure- 
ments, as in the case of U 233 , where the measured 
height is 5.2 Mev. This is consistent with the fact 
that U 232 undergoes slow neutron fission, for the neu- 
tron binding of 5.9 Mev exceeds the barrier height. 
Apparently only in the case of the compound nucleus 
U 23G docs one have two independent measurements of 
barrier height, by thresholds for neutron-induced 
fission and for photo-fission. They agree. 

The empirical values for barrier heights do not agree 
with the values calculated from the liquid drop model. 
One expects deviations on the basis of the unified 
nuclear model. Pressure on the nuclear wall will be 
expected to vary from nucleus to nucleus in an irregu- 
lar way in the process of shell filling. Consequently, 
one will expect fluctuations from nucleus to nucleus in 
the height of fission barriers and strong departures 
from the liquid drop values, as observed. But we can- 
not yet predict the sense of the deviations, except for 
one effect systematically higher barriers for odd-A 
nuclei than for neighboring even-even nuclei. The 
data in this table do not reveal this effect clearly; one 
has instead to go to spontaneous fission, which is also 
to be discussed elsewhere in this Conference. 

One can expect in the future to get more data on 
barrier heights indirectly from observed rates of spon- 
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taneous fission. For this purpose one will need in a few 
cases a careful correlation between half-life against 
fission and fission barrier as measured directly. The 
available observations collected in Slide 7, with their 
great uncertainties suggest that a change in life time 
by a factor of 10 s goes with a changing barrier height. 
of the order of % Mev to 1 Mev. It is well known that 
half-lives against fission are longer for odd- -4 nuclei 
than for even-even nuclei by a factor of the order of 
10 8 , or sometimes very much more. This circumstance 
implies, then, a barrier height greater by anything 
from % to 2 Mev. 

It is easy to see the foundation of an explanation 
for the lower barrier height of even-even nuclei. Slide 
8, adapted from Nilsson, shows energies of individual 




nucleon states as a function of deformation. The num- 
bers indicate the angular momentum ft about the 
symmetry axis. With 94 protons one fills all states up 
to and including those marked by the dark line 
2 protons to a state The pairing means that the total 
spin is always zero. When the number of protons is 
odd, then placing the unpaired particle in the lowest 
unoccupied state results in an fi-value that differs 
from one deformation to another deformation. 

Slide 9 (Fig. 2 of P/593) shows what may be called 
the energy of specialization as a function of deforma- 
tion. It is the energy increment to be added to the 
energy of a nucleus with a given deformation in the 
lower spin state to achieve a state of specified spin 
and parity. Of course, for an even-even nucleus the 
state of spin zero is expected always to be the lowest. 
Thus the "specialization energy" gives an estimate 
of the increase of barrier height of an odd-/l nucleus 
compared to a neighboring even-even nucleus. The 
order of magnitude appears to be sufficient to account 
for the observed 1000-fold or longer fission half-lives. 

Angular distribution of fission fragments has been 
so thoroughly discussed by Mr. Bohr that any com- 
ments in this report have been superseded. He takes 
into account not only the angular momentum brought 
in by the bombarding particle radiation but also the 
special features of the nucleonic energy level pattern 
when the nucleus is in its transition state. 

Another effect, that depends both on the pattern of 
transition stale energy levels and on the incident nu- 
cleon energy levels is the cross-section for fission. 
Slide 10 (Fig. 1 of P/593) shows dips in the observed 
fission cross-sections for certain nuclei for neutron en- 
ergies of the order of magnitude of a Mev. 

Slide 11 shows still more recent results of Lamphcre 
and Greene at Oak Ridge now in course of publication. 
The spacing of the peaks in the fission cross-section as 
a function of neutron energy can have nothing directly 
to do with the much finer energy level pattern of the 
compound nucleus. A quarter of a Mev spacing is of 
the right order of magnitude to correspond to the spac- 
ing between energy levels of a single neutron in the 
average field of force of a deformed nucleus. More- 
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over, observation and theory of the scattering of neu- 
trons by a nucleus show that there exist resonances in 
the neutron scattering. Otherwise stated, there are 
variations from energy to energy in the probability 
for the neutron to be in the nucleus, closely analogous 
to the Ramsauer effect in the scattering of electrons 
on atoms. 

However, the observed neutron resonances are too 
broad to be compatible with the observed narrow 
widths. It is more reasonable, as Aage Bohr points 
out, to understand the rise in <r/ as due to the avail- 
ability of a new fission channel in the transition state 
nucleus, and to understand the drops as due to the 
availability of a new channel for inelastic neutron 
scattering. 

Slide 12 (Fig. 1 of P/593) uses what information is 
available about spontaneous fission and other stability 
limiting processes to estimate the stability limits for 
nuclei with half-lives greater than 10~ 4 sec. It is most 
difficult to extrapolate the fission half-lives reliably 
because superposed on the liquid drop trends there 
are individual nucleon effects, as already mentioned, 
but these have not yet been estimated. Subject to a 
very great deal of uncertainty on this account, one 
estimates that it should be possible to create and 
study nuclei in the dotted region, with masses per- 
haps twice as heavy as those of known nuclei. 

CONCtUSIONS 

1. Dependence of /j/ on spin and parity. 

2. N only 1 or 2 for (K - E/} ~ 1 or 2 Mcv. 

3. Variations of T/ from level to level 

(a) Statistical, for given spin and parity 

(b) Difference in (r/) for / ' 

4. Rises in a/ (K H ) when a new fission channel becomes energy 
wise accessible; drop in a/ when a new channel for inelastic 
neutron scattering becomes accessible (A. Bohr). 

5. Directional correlation: (,/) and (v,f). 

6. Odd- A nuclei: specialization energy; higher 7*J/, slower 
spontaneous fission. 

7. Superheavy nuclei, Ty> > 10~ 4 sec. 

Slide 13 is a brief recapitulation of the effects that 
we have just run over: the dependence of fission bar- 
rier on spin and parity; values of N that are small for 
slow neutron fission of U 236 and plutonium; the varia- 
tions of fission widths from level to level due to two 
quite different sources- one statistical for any given 
spin and parity; and the differences in the fission 
width depending upon the parity and spin itself; wig- 
gles in the fission cross-section; directional correlations 
discussed by Mr. Bohr; for odd- A nuclei a fission bar- 
rier higher than for even-even nuclei and a slower 
spontaneous fission rate; and a set of limits for the 
stability of super-heavy nuclei. 

Mr. D. POPOVIC (Yugoslavia) presented paper 
P/993. 

Mr. J. S. AUSLANDKR (Romania) presented paper 
P/1089. 

DISCUSSION OF PAPERS P/911, P/593, P/993 
AND P/1089 

Mr. D. I. BLOKHINTSKV (USSR): I listened with 



great interest to Mr. Wheeler's paper and would like 
to make a few observations. 

It seems to me that the aspect of contemporary fis- 
sion theory that relates to the adiabatic study of nu- 
clear surface oscillations is weak. The period of these 
oscillations can be estimated to be of the order of 
10~ 2I sec. The period of the individual transitions is 
several times greater than this period, and the fission 
time is still greater. It is therefore to be expected that 
during the fission time transfers of energy from sur- 
face oscillations to individual movements of the par- 
ticles will frequently occur: the nucleus will remain 
part of the time in a state of collective oscillation, and 
the rest of the time in a state of individual excitation. 
This should have a considerable effect on the ratio of 
the fission width to the radiation width. 

My second remark concerns Mr. Wheeler's views on 
nuclei of high atomic weight, which I find extremely 
interesting. I would like, however, to make a remark 
here originating from certain of our theorists who are 
not present here: no matter how nuclei of high atomic 
weight are obtained, they will Consistently appear in 
the excited state. This circumstance may substantially 
alter the practical possibility of obtaining nuclei of 
high atomic weight. 

Lastly, my third remark concerns heavily-charged 
nuclei. I would like to point out that it is customary 
to slate that a consideration of the stability of motion 
of the electron shows that no nucleus having an atomic- 
number above 137 can exist. It appears to me that 
these considerations fail to allow for the tremendous 
polarization in the vacuum surrounding such a nu- 
cleus. It is necessary to take into account the motion 
of the electron in the co-ordinate field. This may mean 
a substantial change in our conclusions about the mo- 
tion of electrons round a heavily-charged nucleus. 

The necessary calculations are already being made, 
but it is possible that in this problem eleclrodynamic 
theory will prove to have reached the limits of its 
usefulness. 

The CHAIRMAN: Does Mr. Wheeler want to answer 
this now? 

Mr. WHKKLKR (USA): There are three questions. 
The first question is about the theory. The point is 
only that the time for a vibration was compared with 
the time for motion of an individual nucleon across 
the nucleus, and this is the basis for the discussion of 
the adiabatic approximation. Of course, the time for 
fission itself is extremely long, merely because it takes 
such a very long time to concentrate energy in the 
particular body of deformation which leads to fission. 
But this time has otherwise no direct significance for 
the discussion of the adiabatic approximation. 

I hope I have answered that point. Perhaps I could 
now go on to the second point about the formation of 
the super heavy nuclei, which will demand the addi- 
tion of one neutron after another to an already heavy 
nucleus as one method of formation of a super heavy 
nucleus. Each neutron which is added will of course 
cause an excitation of the newly formed nucleus and 
this excitation must be dissipated by radiation. This 
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time of dissipation will, of course, if the radiation oc- 
curs, be of the order of magnitude of 1()~ 12 seconds as 
in typical radiative processes. This radiation is com- 
peting with processes of beta decay and of spontane- 
ous fission of the newly formed nuclei which are esti- 
mated to have times which, in the ground state, are 
longer 1O~ 4 seconds. In the excited state the time for 
fission will, of course, be shortened because of the ex- 
citation itself. Therefore, it is possible thai, one will be 
faced with limitations on how far one can go on this 
account. I have made no detailed calculations of the 
building-up process to see with what efficiency one 
can get to very heavy nuclei. It is, of course, very 
remarkable to how heavy nuclei one has already been 
able to go in the process of building up nuclei. 

The third point, the limitations imposed on the sta- 
bility of super heavy nuclei by electron theory itself, 
is a most interesting point because it is so often taken 
for granted that one cannot have a charge greater 
than 137 because the solutions of the Dirac equation 
failed to have the proper character beyond this point. 
However, we have done a numerical integration of the 
Dirac equation, changing from a point nucleus to a 
nucleus of a finite size. One finds that even with *i 
nuclear charge of 170, the A' electron has a perfectly 
reasonable wave function and orbit and has a binding 
energy of about 1.85 me 1 . There seems to be no diffi- 
culty on this account in accepting the possibility of 
super heavy nuclei. 

Mr. R. K. PEIERLS (UK): My question is very 
similar to the first question which Mr. Blokhintsev has 
already asked, but perhaps 1 could put the point a 
little differently. 

In his very interesting presentation Mr. Wheeler has 
in particular referred to the analogy with the motion 
of the molecules. Now, the difference seems to be, 
however, that in the energies with which one is in- 
volved in the fission process, one is not concerned with 
only one or two possible states of internal variables, 
but there are very many of them accessible, and this 
is perhaps brought out by the fact that Professor 
Wheeler's slide had, in addition to the quantum num- 
bers written down, a little black block, and 1 think 
we have to remember that there are many quantum 
numbers hidden in that black block. We are really in 
analogy, not so much with the vibration of the mole- 
cule, but with similar problems in the theory of solids 
where, for example, the interaction between the exci- 
tation of an atom in a dielectric and the vibrations of 
the adjacent atoms leads to problems of somewhat 
similar structure, and I think we know from that 
field that one must be rather careful with the use of 
the simple analogy with the one degree of freedom in 
the molecule. 

May T also make one point on the very interesting 
remark made by Mr. Wheeler on electron orbits 
around a heavy nucleus. I think it is certain that, as 
Mr. Wheeler points out, one should not take any 
notice of the divergence one gets from a point charge 
for a large atomic number. But, of course, whether to 
believe the solution of the Dirac equaton for a charge 



as high as this, is another question because, as Mr. 
Blokhintsev also indicated, at that point the correction 
becomes a complication due to vacuum polarization 
and will become so serious that it is doubtful whether 
the simple solution of the Dirac equation would repre- 
sent the truth in such an academic case. 

Mr. BOHR (Denmark): As to the first question, 
I think we would certainly agree that the fission pro- 
cess in the initial stage represents a situation where 
many degrees of freedom come in, and I think that the 
analogies with the molecules are only used in a sta- 
tistical way in such cases. In the cases of the low lying 
spectra or of nuclei passing over the saddle |v>int close 
to threshold one has however relatively few degrees 
of freedom to take into account, and it seems chat one 
then makes a detailed description on the basis 
considered. 

The question which I wanted, to put to Mr. Wheeler 
is in regard to the interpretation of the hump in the 
fission cross-section. They seem to be sharper than the 
observed variations in the total cross section interpret- 
ed oil the basis of the optical model. 

I wanted to ask whether someone would care to 
comment />n this. I also wanted to ask if one might not 
think of an alternative interpretation in terms of the 
effect of the competition between fission and neutron 
emission. Such an explanation has been advanced by 
Mr. Ben Mottelson. 

For example, at the point where the fission cross 
section levels off or decreases some new inelastic 
channels may become available which would make the 
neutron emission strong and drive the fission cross sec- 
lion down. 

Mr. V. V. VLAIHMIRSKI (USSR): Mr. Wheeler's 
paper gives an interesting comparison of the available 
experimental data concerning the dependence of the 
fission threshold on the charge and on the number of 
nucleons in the nucleus with calculations based on the 
liquid-drop model. The work of Koch, MacAllen and 
Gasteiger on photofission thresholds has already 
shown that the close dependence of the fission thresh- 
old on the fission parameter ;v, proportional to Z 2 /-l 
predicted by the liquid-drop model theory was not 
confirmed by experiment. The paper shows that 
merely substituting a constant factor for the function 
of the form (1 .r) 3 predicted by the theory gives bet- 
ter agreement between the calculated and observed 
thresholds. 

The picture provided by the liquid-drop model is a 
rather rough approximation. In particular, it does not 
permit a description of the elongated form of the un- 
excited nucleus. 

I wish to call attention to a point which may reduce 
considerably the dependence of the threshold on 
the nuclear charge, as predicted by the liquid- 
drop model, and give better agreement with the 
experiments. In the liquid-drop model the interaction 
energy of the nucleons is conventionally divided into 
volume and surface terms. Thus, the volume term in 
the Weizsacker semi-empirical equal ion depends closely 
on the excess of neutrons in the nucleus, while the 
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surface term is entirely independent of the mass num- 
ber. It can now be considered as established that some 
of the excess neutrons are concentrated near the sur- 
face of the nucleus. Teller has given a qualitative ex- 
planation of this effect. It is necessary for a phe- 
nomenological description of the redistribution of the 
charge in the nucleus to introduce into the surface 
energy a term dependent on the excess neutrons. Con- 
sideration of the liquid-drop model as thus refined 
leads to the following results: 



A + 

The sign of the isotope component of the surface 
energy may be determined on the basis of stability 
considerations. It can be shown that the excess neu- 
trons behave similarly to surface-active agents in 
solutions. They accumulate on the surface, and as the 
number of excess neutrons in the nucleus increases, the 
surface tension of the nucleus decreases. 

As the nuclear charge increases, the neutron excess 
decreases and the surface tension increases. This com- 
pensates to a considerable extent for the lowering of 
the fission barrier, associated with the increase in the 
Coulomb energy. 

The logarithm for spontaneous-fission probability 
depends principally on the fission parameter x, but 
systematic deviations from this rule have been ob- 
served. Isotopes with a small excess of neutrons are 
relatively long-lived. The isotope dependence of the 
surface tension affords a qualitative explanation of 
this phenomenon. 

The CHAIRMAN: I do not know if you would like to 
reply to this, Mr. Wheeler. 

Mr. WHEELKR (USA): I would like to talk with Mr. 
Vladimirski individually, if 1 could. 

Mr. LEACHMAN (USA): I have to make a remark 
that has a bearing on the paper by Mr. Bohr. In the 
last paper of this session, new data of anisotropies 
from neutron-induced fission as obtained by Brolley 
and Henkle will be presented. It is of interest to note 
at this time that a large anistropy has been observed 
for U 2 * 8 fission just above the threshold for fission. 
The second matter of interest in this new data and 
here the data are for 7 and 14 Mev induced neutron 
fission is the cosine to the fourth power relation 
between the fragments and the neutrons inducing 
fission. I was hoping that Mr. Bohr might be able to 
make a few remarks in regard to both these pieces of 
data. 

The second question is to Mr. Auslander. This is in 
regard to Mr. Auslander's paper on the ranges of 
fission fragments, which gives a very nice method for 
simplifying the experimental difficulties in establishing 
ranges of fission fragments. The statement I have to 
make is that we should like to know whether the 
recently published data on the fission fragment ranges 
could be applied to the method developed in his paper, 
and thereby test the assumptions of this method and 



also the sensitivity of the method. An example of the 
range data of which I am speaking is the photographic 
emulsion work done by Demers in Canada and which 
appeared in the Canadian Journal of Physics about a 
year ago. 

Mr. AUSLANDER (Romania) : I thank Mr. Leachman 
for his intervention, the more so as the paper by 
Demers which he referred to had escaped my attention. 
I do not know the details of this paper but I suppose 
that surely the method proposed here may be applied 
competitively with other methods to give further 
information and to establish its accuracy. 

The CHAIRMAN: Mr. Bohr, would you like to 
answer Mr. Leachman's question here or in private 
conversation? 

Mr. BOHR (Denmark): I would say that these data 
brought out by Mr. Leachman are extremely interest- 
ing. The isotropy observed which is above the thresh- 
old may perhaps be related to the fact that the nucleus 
at this point passes over the saddle point under one 
particular configuration, and I think that one can draw 
conclusions from the observed isotropy as to the quan- 
tum numbers of this configuration, which must have 
a low K value. For fast neutron fission, one may expect 
higher multiples in the nuclear distribution but no 
very detailed analysis has been made so far. Certainly, 
there should be higher terms. 

The CHAIRMAN: At this point, I would like to ask 
Dr. Mostovoi to make some remarks. 

Mr. V. I. MOSTOVOI (USSR): I have some brief 
notes to offer about experimental work on the fission 
of nuclei into three parts. 

Neutron-induced fission of nuclei into three parts 
has been studied by many investigators (Green, 
Livesey, Titterton, Louisa Marshall, Tsiang, Wigner, 
Allen and Devon, and others). 

This particular research by T. A. Mostovoi deter- 
mined the probability of emission of a long-range 
alpha particle during spontaneous and induced fission 
of the Pu 240 nucleus. 

An ionization chamber of special construction was 
used to study triple fission. The chamber is shown 
schematically in Slide 14. The system of electrodes 
(BAB') forms a chamber for detecting fragments. The 
long-range alpha particles are detected in the space 
between electrodes CB and B'C'. 

A nylon mount transparent to the fragments was 
coated with a thin layer of plutonium and placed on 
the central electrode (A). The plutonium layer em- 
ployed in the work contained 90 per cent Pu 289 and 
approximately 10 per cent Pu 240 . 

The long-range alpha particles produced by fission 
in the target S entered the chamber (CB and B'C') 
through electrodes B and B', which were made of 
aluminum foil 15 microns thick. The fact that triple 
fission had taken place was detected by the coinci- 
dence of the ionization pulse due to the fission frag- 
ment in chamber (BA, AB') with the pulse from the 
long-run alpha particle in chamber (CB and B'C 9 ). 

Measurements were made during fission of Pu 289 by 
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Slide 14 

thermal neutrons and during spontaneous fission of 
Pu 240 . 

The measurement results show that the probability 
of triple spontaneous fission of the Pu 240 nucleus is 
1.60 0.15 times greater than the probability of a 
triple fission of Pu 239 by thermal neutrons. This result 
agrees with Tsiang and Wigner's hypothesis on the 
mechanism of triple fission. (Phys. Rev. 83, 673, 1951). 

Since the triple spontaneous fission effect is very 
infrequent (approximately three fissions per hour), a 
series of control experiments were performed. In par- 
ticular, measurements were made with a polonium 
target having the same alpha activity as the plu- 
tonium target used in this work. Measurements were 
made with a U 23fr layer without a source of neutrons, 
etc. 

All these control experiments have confirmed that 
the measured effect was produced by triple spontane- 
ous fission. 

The CHAIRMAN: 1 am afraid that we have to cut off 
the discussion at this point. I would ask the speakers 
who sent in additional questions to discuss them at the 
next discussion period, if there is time. 

Mr. M. D. DE SOUZA SANTOS (Brazil) presented 
paper P/897. 

Mr. A. LUNDBY (Norway) presented papers P/884 
and P/891. 

DISCUSSION OF PAPERS P/897, P/884 AND 
P/891 

Mr. B. C. DIVKN (USA): I have a question for Mr. 
Santos. 

In view of the fact that he has found some serious 
discrepancies in the (y,n) thresholds that have 
been used for many years, I wonder if he plans to 
make any measurements on the photo-fission thresh- 
olds to check if those accepted now are correct? 

Mr. SANTOS (Brazil): Many experimental deter- 
minations of (y,n) thresholds were made assuming 



that the threshold for the (y,n) process in Cu 68 was 
10.90 0.2 Mev. 

Since this value has been considered as a standard 
for betatron energy scale calibration and since, on the 
other hand, our measurements indicate that the cor- 
rect value should be 10.54 0.04 Mev, I think that 
some of the values which have been assumed for the 
thresholds of photoprocesses in many elements will 
have to be altered. Our determination of the Cu 63 
threshold agrees with the recent measurements of 
Birnbaum within the experimental errors. 

As we think that the values which have been as- 
sumed for photofission thresholds may be affected by 
a small systematic error, it is a part of OUT program to 
measure their values. 

Mr. WILKINS (USA): I have a question for Mr. 
Lundby. I wonder if you could comment in a little 
greater detail on the status of the comparison between 
the photo-neutron measurements and gamma-ray 
measurements? 

Mr. LUNDBY (Norway) : For periods longer than one 
hour, as I mentioned, the agreement was very good. 
For our measurements on short-lived gamma rays, we 
do not j,-et know the abundance of the gamma rays. 
We have not yet gotten that far in the experiment. 
Earlier experiments on short-lived neutron period 
would probably not be able to see the effect of our 
gamma-ray because they usually obtain the periods 
by a peeling-off process. 

If you compare the results in Canada and the United 
States of America, we find that particularly in this low 
life-time region, there are insufficient experiments, or 
where there are experiments, they are not in agree- 
ment as regards periods. 

The CHAIRMAN: Since we have some time left for the 
discussion, I should like to ask the speakers whom we 
had to cut off during the last period to speak now. I 
have a question here from Mr. Sanders of the United 
Kingdom. 

Mr. J. E. SANDERS (UK): This question is directed 
to Mr. Bohr of Denmark. I would like to ask Mr. 
Bohr whether he considers that the mass distribution 
in fission and the number of neutrons emitted in 
fission, in the slow neutron fission region, might be 
a sensitive function of the spin and parity of the 
compound state which is formed; whether one may 
get different neutron emissions from various reso- 
nances due to this cause? 

Mr. BOHR (Denmark) : As to the mass distribution, 
a specific effect is expected regarding the possibility 
for symmetric fission. Some levels may give less 
symmetric fission than others. On the other hand, this 
would probably not affect the general trend of the 
whole mass distribution curve. Therefore, also, one 
hardly expects a major effect on the neutron number. 

The CHAIRMAN : We have another question by Mr. 
Egelstaff of the United Kingdom which refers to the 
paper by Mr. Wheeler. I am sorry that Mr. Wheeler 
has left the room. Would you still like to present your 
problem ? 
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FISSION CROSS-SECTIONS. 
Slide 15 

Mr. P. A. EGELSTAFF (UK): The question refers 
to the variation of fission cross section with neu- 
tron energy in the fast fission of U 2i and U 236 
and plutonium-239. We have observed variations 
in these cross sections similar to the variations shown 
in one of the slides for even-even target nuclei. The 
question is: could these variations be accounted for in 
the same way as suggested for an even-even target 
nuclei? Slide 1 shows the type of variation meant. 
There are two kinds of things which we observe. One 
type of variation is a rather sharp variation with 
energy. The other type is a rather slow variation. 

One can see in the upper curve which is for U 28S 
that there is a rather sharp drop in the cross-section 
at 0.4 Mev. On the other hand, there is a rather slow 
variation before it and a slow rise after it. Similarly, 
at 0.3 Mev for plutonium, you get a maximum and 
then a slow rise at 1.5 Mev. But for U 235 , you get the 
form shown in the lower curve. The question is, can 
these rather slow variations be accounted for on the 
single particle model or perhaps can the sharp varia- 
tions be accounted for by the presence of inelastic 
scattering levels coming in strongly at one point. 

Mr. BOHR (Denmark): As you point out, there are 
the two mechanisms that have been discussed that 
can give rise to variations in the fission cross-section. 
One is the single particle resonance effects and the 
other is the competition with neutron emission, and 



it might be, as Mr. Egelstaff said, that the more sharp 
variation may be of the latter type, whereas the more 
smooth variations may be of the former. Tt will be 
very interesting, of course, to have data on the total 
cross-section to compare with. This could decide the 
question. 

Mr. EGELSTAJ?F (UK): On the question of the varia- 
tion of the total cross-sections, we have found and I 
think that a number of other laboratories are in a- 
greement with us- that the total cross-section does al- 
so show a rise at about 2 Mev where you can see all 
three fission cross section curves show an increase of 
cross-section towards 2 Mev. 

The CHAIRMAN: Are there any other comments on 
the paper before the discussion? 

Mr. NETTER (France): I would just, like to say that 
we have found the same type of variation for the three 
isotopes U 233 , U 236 and plutonium-239 in our paper 
(P/355), which will be presented at a later session 
(17A). ' 



Mr. R. B.LEACIIMAN (USA) presented paper P/592. 
DISCUSSION OF PAPER P/592 

Mr. M. S. KOZODAYEV (USSR): We have just had 
the pleasure of hearing a very interesting and infor- 
mative paper by Mr. Leach man concerning the work 
of a large group of physicists. This paper dealt with 
the determination of important: quantities that char- 
acterize fissionable materials. Mr. Leachman re- 
marked that the data obtained by United States 
physicists on the dependence of v on the excitation 
energy of the Pu 240 nuclei agree very well with the 
data reported in the work of Spivak and his associ- 
ates. In this connection, I should like to furnish some 
slightly more detailed information on the work of these 
Soviet physicists. 

Using a method based on recording the coincidence 
between the fissions occurring in the investigated mat- 
ter under the influence of thermal neutrons, and rapid 
fission neutrons, V. P. Zakharova, V. A. Kalashnikova, 
V. I. Lebedev, L. A. Mikaelian, and P. E. Spivak 
measured the relative values of v for U 233 , U 23r> , Pu 239 
and Pu 241 . 

The following results were obtained: 



:.- = 1.04 + 0.01 



0.01 



In the same work, independent measurements were 
also made of the value of v, using a calibrated source 
to reproduce the spectrum of the fission neutrons. It 
turned out that 



KU 233 ) 
(U 23fi ) 



2.6 
2.5 



KPu 



3.0 



The error in determining v is approximately 4 per 
cent. 
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Other research dealt with the determination of the 
dependence of the quantity v on the excitation energy 
of the nucleus that is being fissioned. In its purest 
form, this dependence should be shown by a compari- 
son of the number of neutrons released by spontane- 
ous fission of a certain nucleus ( 2 A M ), and the number 
released by fission by thermal neutrons of a nucleus 
of the same element but with its atomic weight re- 
duced by one ( t X A '~ } ). In the case of spontaneous fis- 
sion the nucleus is not excited and the fission process 
depends entirely on the probability of passing through 
the potential barrier. When the (*X A ~ l ) nucleus is fis- 
sioned by thermal neutrons, the excitation energy of 
the fissioned nucleus equals the binding energy of the 
last neutron in the formed nucleus ( S X A ). To deter- 
mine the dependence of v on the excitation energy of 
the fissioned nucleus, the number of neutrons emitted 
by spontaneous fission of Pu 240 and by induced fission 
of Pu 239 by thermal neutrons was measured in an ex- 
periment performed by the same authors, and also 
performed by A. V. Krasnushkin and M. I. Pevzner. 

It was found that the number of neutrons, v, emitted 
by fission of the excited Pu 240 nucleus exceeds by about 
30 per cent the number of neutrons emitted by spon- 
taneous fission of the same nucleus. 

All the work mentioned here was reported at one of 
the meetings of the July session of the Academy of 
Sciences in Moscow. 

Mr. SANDKKS (UK): I would like to make one or 
two remarks about the very beautiful work reported 
by Mr. Leachman in his paper. At Harwell, we have 
made measurements on the relative neutron emission 



from the spontaneous fission of plulonium-240 and 
thermal neutron induced fission of plutonium-239 and 
we find that the average number of neutrons per in- 
duced fission of plutonium-239 is greater than the 
number of neutrons in spontaneous fission of pluto- 
nium-240. v in the spontaneous fission of plutonium- 
240 is 76 per cent of v for thermal neutron fission of 
plutonium-239. This result, I think, is in very good 
agreement with the result given by Mr. Leachman and 
also the result mentioned by Mr. Kozodayev. 

1 would like to ask Mr. Leachman one question 
about neutron spectra from fission. Has he any data 
on the neutron spectra from spontaneous fission of any 
nuclides? 

One further question: could he comment on the 
gamma-ray sensitivity of the counters used in meas- 
uring neutron multiplicity and how compensation for 
the gamma rays emitted in fission was made in this 
case? 

Mr. DIVEN (USA): With regard to the question 
about the gamma-ray sensitivity of the detector used 
for observing the neutron multiplicities from fission, 
the only gamma rays of interest are those which are 
emitted noi promptly, but within about 30 microsec- 
onds after a fission occurs, because we observe all of 
the neutrons from fission in an interval of some tens of 
microseconds. We can see no prompt fission gamma 
rays and we see no delayed gamma rays beyond a few 
tens of microseconds. We have an efficiency for detec- 
tion of gamma rays that is near 100 per cent for any- 
thing that comes out inside this interval of 30 micro- 
seconds. It is conceivable that some gamma rays get 
counted as neutrons, but very few. 
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Report on Research Reactors 



Prepared by L. Kowarski,* UNESCO 



' 1. INSTITUTIONS INTERESTED IN RESEARCH 

REACTORS, AND THEIR FIELDS OF RESEARCH 

This UNESCO sponsored survey aims at providing 
a technical basis for discussions as to whether a given 
institution should acquire a research reactor, and, if 
so, what type. Such decisions must often be made 
by non-specialists who sometimes stand in need of a 
quick orientation prior to calling for expert advice. 

We start with a few definitions. 

A research reactor may be defined as one which has 
been built for the purpose of gaining information, 
rather than for producing useful energy or transmuted 
substances. The information sought may be totally 
extraneous to the reactor itself, or to reactor tech- 
nology; the reactor then serves as a tool and a source 
of radiations (chiefly neutrons). Or it may be used as 
an object of research; a line is to be drawn here be- 
tween research and advanced development in the 
pre-production stage; some pilot versions of industrial 
reactors although strictly speaking of a mainly 
informative interest, are too closely connected with 
production programmes to be considered as research 
reactors. 

Whether tools or objects, reactors built for research 
may also be used for demonstration or training pur- 
poses, in accordance with the traditional connection 
between higher teaching and original research. Experi- 
ence also shows that a reactor built primarily for 
research may become quite useful to a research insti- 
tution in a small-scale producer capacity; it may con- 
tribute to research activities by producing mod- 
erate quantities of radioactive material for local 
consumption. 

A tool of such uncommon versatility may be found 
of interest to a wide variety of institutions. We may 
mention, as a matter of further definition: 

(1) Science faculties, in which both the basic 
teaching of fundamental science (physics, chemistry, 
biology), and graduate work on original research sub- 
jects are taking place. 

(2) Medical schools, chiefly for radiobiology and for 
radioactive tracers used in graduate research work. 

(3) Technological schools and faculties, both for 
teaching and graduate work. 

(4) Institutes and schools specialized in nuclear 
science and technology. (This category is likely to 
develop in the near future.) 

* Commissariat 3, 1'Energie Atomique, Paris; and European 
Organization for Nuclear Research, Geneva. Paper submitted 
by the United Nations Educational, Scientific and Cultural 
Organization. 

Original language; French. 



(5) Government research establishments exploring 
the advanced regions of nuclear science in view of 
both civilian and military applications. 

(6) Research establishments connected M'th power 
production (general-purpose electrical retworks; in 
the future: railways, industrial combines, etc.) 

(7) Testing stations (mostly governmental) of the 
Bureau of Standards type. (They may perform useful 
services for other institutions engaged in reactor work, 
by carrying out radioactive calibrations, purity tests 
and analyses by methods involving racliochemistry). 

(S) Research institutes acting frequently as sup- 
pliers to other institutions (we shall probably see the 
development of specialized radioisotope stations, simi- 
lar to the present Isotope Divisions of Oak Ridge or 
the Commissariat a TEnergie Atomique, and equipped 
for local supply of fairly short-lived isotopes; the 
supply function will develop from the station's own 
research activities, as in Institut Pasteur). Provision of 
irradiation facilities for outside institutions may also 
be considered as a supply service, 

(9) Industrial institutes of applied research (metal- 
lurgy, ceramics, food, drugs, plastics, etc. a very 
quickly developing category). 

(10) Hospitals (diagnosis with the help of tracers 
and radiations; therapeutical possibilities as yet in 
their bare beginnings, but quick development may be 
expected to take place. Many hospitals are today in 
possession of nuclear accelerating machinery such as 
betatrons or linear accelerators; a reactor is poten- 
tially as useful as any of these). 

It will be found that categories 4, 5 and 6 will tend 
to install research reactors of the most powerful and 
expensive types, whereas for most purposes of interest 
to the other categories, the medium-sized and medium- 
priced reactors developed during the last few years 
will be quite adequate. 

The choice of research subjects for which a given 
reactor will be used will depend both on the char- 
acter of the institution and on the type of the re- 
actor. The present report may be of some help in 
reaching the very preliminary decisions relevant to a 
reactor project, i.e., whether a given institution should 
go into the reactor field at all, and if so, what type of 
reactor would be best suited to its aims and resources. 
For such a preliminary survey we think it useful to 
give a fairly comprehensive list of possible research 
subjects. Since new ways of using a reactor for research 
purposes are invented and tested, so to speak, every 
day, this list should not be considered as exhaustive. 
It is however diversified enough to necessitate some 
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sort of a selection if used as a help to establish a re- 
search program for a single reactor. When attempting 
such a selection, the following remarks may be of use: 

(1) Is a substantial part of the time and space 
available around a reactor to be devoted to teaching, 
or is, on the contrary, advanced research to be con- 
sidered as the main purpose of the project? If the 
former is true, stress will be laid on the chapter 
"Reactor Behaviour" and, in the other chapters, on 
basic techniques and on simple experiments, easy to 
repeat and to check. If advanced research is the aim, 
the behaviour of the reactor will be studied once for all 
in its early life, and study of the general techniques 
will be reduced to an indispensable minimum. Care 
will be taken to look for new items, and to create new 
combinations of items already named. 

(2) Some groups of items are practically a must, 
whatever the specialization selected. This "common 
trunk" includes above all the reactor behaviour, and 
some specific items such as fast neutron techniques, 
chemical manipulations, production of short-lived 
isotopes, and radiation dosimetry. 

(3) The chapter on Reactor Behaviour is of par- 
ticular interest to technical universities which wish to 
train future reactor engineers, and to research stations 
attached to governmental or private power projects, 
In such institutions, this chapter, suitably expanded, 
and supplemented by some material testing, may con- 
stitute the whole programme. 

(4) Institutions of the testing and supplying types 
will have to devote most of the time of its reactor to 
(a) items of research calculated to study and improve 
its performance as a supplier, (b) the supplying func- 
tions themselves. Experience shows that, if these 
functions have to be satisfied first, other items of 
research will have to be curtailed. 

(5) As we have already stated, pilot versions of pro- 
duction reactors should not be considered as research 
reactors at all. Experimental reactor assemblies, built 
for the sole purpose of testing some new physical or 
technological principle, are more closely connected 
with research activities proper; they should, however, 
hardly be attempted by educational and scientific 
institutions other than the highly specialized estab- 
lishments of the Argonne-Harwell-Saclay type. 

(6) A reactor, as practically any other research tool, 
is subject to the following dilemma: 

(a) If it aims at coming close to the ideal of " second 
to none" or "giving the most intense radiation avail- 
able in the world," it will be very costly and difficult to 
build. 

(b) The most powerful tools tend however to skim 
any research field to which they come to be applied; 
gross effects are spotted more easily, normal-type 
experiments can be performed in a shorter time and 
the most refined features of a phenomenon, on the 
limit of the powerful tool's possibilities, pass un- 
noticed by its weaker competitors. 

To put it briefly, opportunities to make discoveries 
cost money. However, the finest apparatus cannot 
exhaust a whole science, if only because its very 



uniqueness reduces its availability. Possessors of 
second-line equipment, by dint of ingenuity, harder 
work, and preparedness to scrap, if necessary, a no 
longer promising opening have a good chance of pro- 
ducing brilliant work and providers of research reac- 
tors need not strain their financial backs to a break- 
ing-point. Some quantitative indications as to the 
correlation of the reactor intensity with the extent of 
its usefulness for research will be given in the last 
chapter. 

List of Research Subjects 

I. Behaviour of the Reactor 

11. Reproduction factor: rise and fall of the radia- 
tion level (amount of fuel burnt per second) according 
to the value of reproduction factor, including the 
subcritical values. 

Effect of control rods and other absorbing bodies 
put in the reactor, on the reproduction factor. 

Effect of temperature and pressure on the reproduc- 
tion factor. 

12. Exploration of neutron densities in and around 
the reactor core, with precisiov techniques (foils, 
wires, etc. . . . ). Ratios of fast to thermal and 
resonance to thermal neutrons. Determination of 
characteristic lengths in various media in and around 
the core. Radiation densities inside and outside ex- 
perimental holes and channels. 

13. Attenuation of radiation in shields (fast neu- 
trons and gamma rays). 

14. Effect of the structure of the reactor on various 
aspects of its behaviour (e.g., radiation density gradi- 
ents in or near a cooling or experimental channel). 

15. Operation and safety routines. Radioactivity 
after shutdown. 

16. Effects due to the accumulation of fission prod- 
ucts and to the irradiation of reactor materials. 

II. Physical Research 

21. Behaviour of the reactor's control and measur- 
ing equipment; use of the reactor as a test bench for 
detecting and measuring instruments to be used 
elsewhere. 

22. Standardization and calibration of reactor radi- 
ations in absolute and relative units. 

23. Fission process: fission fragments (velocity, 
angular correlations . . . ) delayed neutrons, excita- 
tion energies, etc. . , . 

24. Creation of specialized neutron spectra: mono- 
chromatic neutrons (crystal monochromators and 
choppers; uranium slow-to-fast converters). Inter- 
action of these neutrons with various substances: 
thermal cross-sections, fast cross-sections, migration 
in reproducing and non-reproducing media, interaction 
of slow neutrons with the molecular structure of 
medium. 

25. Study of neutron resonance phenomena. Neu- 
tron optics (diffraction, refraction, polarization and 
reflection). 

26. Gamma-ray, beta-ray and neutrino studies; nu- 
clear spectroscopy of isotopes produced by irradiation 
in the reactor; neutrons produced by gamma-emitters 
(photoeffect). 
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27. Physical study of transmutation products 
(transuranic elements, fission products, radioiso topes). 

28. Solid state physics: (a) Diffusion in solids, 
studied with the help of reactor-produced radioactive 
tracers. 

(b) Effect of neutron irradiation on conductivity of 
semi-conductors. 

(c) Effect of neutron irradiation on physical prop- 
erties of alloys. 

(d) General study of lattice defects, as produced by 
fast neutron irradiation. 

III. Chemical Research 

31. Use of the reactor as a test bench for the de- 
velopment of tele-manipulation and hot chemistry 
equipment, 

32. Characterization of nuclear species, produced in 
the reactor, by radiochemical techniques. Chem- 
ical study of transmutation products (cf. 27 above). 

33. Radiation chemistry: effects of neutrons and 
gamma-rays (from gamma-emitters manufactured in 
the reactor) on chemical properties and reactions. 
Modifications of crystalline and plastic structure 
under neutron irradiation. Hardening of alloys. Speed- 
ing up of polymerization. 

34. Phenomena involving both nuclear and chem- 
ical processes (e.g., Szilard-Chalmers effect). 

35. Study of chemical reactions with the help 
of reactor-produced tracers and sources. Separation 
processes. 

36. Quantitative analysis: (a) with the help of 
tracers; (b) by neutron irradiation. Search for very 
small admixtures of specific impurities (by neutron 
irradiation). 

37. Determination of molecular structures by neu- 
tron diffraction: (a) substances containing hydrogen; 
(b) substances containing atoms with specific mag- 
netic properties. 

IV. Biology and Medicine 

(Present uses rather than all possible uses have been 
listed.) 

41. Effect of radiations on personnel; tolerances. 
Quantitative formulation of radiation doses, dosime- 
try, shielding. Civil defence. 

42. Detailed studies of separate kinds of radiation: 
slow neutrons, fast neutrons, gamma rays. Effects on 
living beings (survival, fertility, mutations) studied 
individually or on whole populations. Delayed effects. 

43. Pure and applied genetics. Production of useful 
mutations in plants. 

44. Selective response to neutrons of tumours in- 
jected with neutron-capturing substances (this item 
is quoted as an example of diagnostic and therapeutic 
possibilities of a reactor; we may expect that a con- 
siderable number of other such possibilities will be dis- 
covered within the next few years). 

45. Biological and physiological research with the 
help of reactor-produced tracers and sources. 

46. Production of sterile media. Sterilization of 
food, drugs and medical supplies. Irradiation of fer- 
'mentation agents. 

47. Insect and fungus control. 



V. Reactor Engineering 

In addition to relevant subjects listed under "re- 
actor behaviour" we first mention a very compre- 
hensive item, followed by a few of a more particular- 
ized kind. 

51. Comparative study of basic reactor designs. 
Try outs of novel and unconventional designs under a 
more detailed approach. 

52. Study of neutron-multiplying and neutron- 
reflecting properties of media containing fissile or 
moderating substances, or both. Exponential and 
critical experiments using a reactor as a neutron 
source. 

53. Effects of radiation on proposed reactor mate- 
rials (effects produced by fast neutrons ami by gamma 
rays to be studied separately) as revealed by changes 
observed in (a) electrical conductivity; (b) thermal 
conductivity; (c) heat capacity; (d) viscosity; (e) mate- 
rial strength; (/) corrosion properties, etc. 

54. Development and selection of new materials. 
Control of materials as regards neutron absorption, by 
the ''danger coefficient" and oscillation methods. 

55. Study of nuclear properties (interaction with 
radiation) of matter in general, to deepen the scientific 
background of items 53 and 54. 

56. Shielding materials, shapes and designs. 

VI. Other Branches of Applied Research 

Most engineering research is carried out by special- 
ized applied-research organizations which in due course 
may acquire reactors as standard research tools. In the 
present stage of development and use of such tools it 
would be premature and, at any rate, too long to list 
all possible specialized applications branching out of 
the basic physical, chemical and reactor-engineering 
subjects mentioned above. A "supplying type" re- 
search institution may find to be called upon to supply 
the following broad categories of services to engineer- 
ing research establishments: 

61. Manufacture of radioactive sources, used for 
instance: for radiography; for accelerated tests of cor- 
rosion, stress etc.; for thickness gauges by beta-ray 
absorption. 

62. Manufacture of radioactive tracers used in the 
study of engineering processes (e.g., study of lubrica- 
tion and wear by friction). 

63. Study of radiation damage to materials likely to 
be exposed to radiation in the future atomic power 
stations, atomically propulsed vehicles, seacraft and 
aircraft, etc. 

Applications in agricultural research and food and 
drug research will naturally grow out of the sections 
III and IV listed above. Among industries relying on 
advanced research, fine metallurgy, electronics (esp. 
semi-conductors) and organic chemistry may be ex- 
pected to make an increasingly wide use of reactors for 
their research; others will follow. 

2. TECHNOLOGICAL FACTORS AFFECTING THE 
CHOICE OF A RESEARCH REACTOR 

Next to the question whether a given institution 
should acquire a research reactor conies the choice of a 
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type. A definite decision can be taken, of course, only 
on basis of detailed knowledge of the proposed types, 
for which the descriptions given in the current de- 
classified literature are usually adequate. This chap- 
ter, together with the next one, provide a common 
background for such a detailed study. 

2.1 Performance Rating 

For an overwhelming majority of the uses to which 
a research reactor may be put, it is important that 
inside its material assembly there should be volumes in 
which numerous free neutrons are present at any given 
moment. 

Neutron density usually is measured as the aggre- 
gate length of track which the neutrons leave behind 
them as they traverse the unit volume in a given time. 
This total length (cm per cm :f sec) is called "neutron 
flux"; it can be imagined as arrived at by counting 
each neutron multiplied by its velocity. Since neutrons 
of different velocities act on matter in a different way, 
it is customary to divide them in velocity classes and 
to count these partial fluxes separately. The two most 
important classes are: (a) neutrons which have yet all 
the original velocity with which they came out of a 
fission ("virgin flux"); sometimes this class is widened 
as to include all those whose velocity stays above a 
certain limit (corresponding to, say, 1 kev; "fast 
flux"), (b) In reactors using the slowing-down process 
(as is the case of nearly all reactors considered in the 
present report), by far the greater part of the useful 
life of a neutron is spent in a state close to the velocity 
equilibrium with the surrounding medium. The partial 
flux corresponding to this range of velocities ("slow"t 
or "thermal flux") is often considered as the "flux" 
characterizing a reactor. The most powerful research 
reactors existing at present produce a maximum slow 
flux of the order of 1C) 14 n/cm 2 /sec. Reactors run de- 
liberately at very weak power levels may produce as 
little as 10 7 n/cm 2 /sec. 

High fluxes (useful for research) are connected with 
high powers (useful for most other purposes) but not 
coincident. In a given reactor, the flux observed at a 
given moment is directly proportional to the total 
power which the reactor produces at that moment. 
But two different reactors run at the same power may 
produce very different flux values. The other relevant 
factors are: the total volume of the reacting medium 
and the lifetime of the neutrons within the medium. It 
so happens that the incidence of these three factors on 
the slow flux can be combined in a single datum: power 
per unit weight of fissile element (U MS or plutonium, 
see below) present in the medium. Since power as such 
is of little interest for research purposes, the designer 
will seek to keep the necessary minimum amount of 
fissile element ("critical mass") as low as possible. 
Since fissile atoms have to compete for neutrons with 
neutron-absorbing bodies in the medium, the intro- 
duction of any such body increases the critical mass. 

t The term "slow flux" sometimes also covers the class of 
velocities immediately above the thermal; this distinction may - 
be ignored in this brief survey. 



It appears from the foregoing that search for a high 
performance in the design of a research reactor is un- 
separable from a certain number of compromises. We 
may mention: 

(a) The conflict between the highest power extrac- 
tion rate (efficient cooling devices, see below) and the 
increase of the critical mass due to these devices; 

(b) Every attempt to use the flux by inserting bodies 
to be irradiated, providing experimental facilities, or 
removing neutron beams outwards reduces the maxi- 
mum flux; we have a choice between a higher flux 
available for fewer uses, and the cont rary. 

The last-mentioned dilemma exists also as regards 
the size of the reacting core. A very compactly de- 
signed research reactor gives more flux per unit power, 
but fewer experimental facilities than a more loosely- 
built one. The best way out of this contradiction is to 
build several compact reactors, but a community 
which for any reason decides to build only one reactor 
is somewhat less interested in compactness. 

In a reactor designed for a high slow- neutron flux, 
fast neutrons present are considerably smaller in 
numbers but since their velocity is thousands of times 
higher, the fast flux is lower than the slow flux by a not 
very big factor (see figures in specializ<xl descriptions 
below). The best conditions for reducing this gap are 
not the most favourable for maintaining a high slow 
flux; hence another compromise to be observed by 
designers who want both fluxes to be as high as pos- 
sible, A high fast flux is, of course, useful whenever, in 
a given research item the interest is focussed on the 
interaction of fast neutrons with matter (such a bias 
can be given to solid state studies, cross-section re- 
search, preparation of radioactive isotopes -in fact, if 
one so chooses, to most of the items listed in Chap. I). 
In any reactor a high local value of fast flux can be ob- 
tained by using the "converter" device (a suitably 
shaped mass of uranium which gives off fast neutrons 
if subjected to a high slow flux). 

2.2 Nature of Nuclear Fuel 

All nuclear fuels used at present contain either U 235 
or plutonium. "Natural fuel" is the isotopic mixture 
of the two uraniums (7 kg of fissile U 236 per ton of mix- 
ture), as it is found in nature; "pure fuel" is nearly 
pure U 286 (as obtained by isotope separation), or 
plutonium (as obtained by transmutation of U 238 ). 
Intermediate fuels may be "slightly enriched" (say, 
10 or 20 kg of U 236 per ton), or "medium enriched" 
(such as the fuel made available under the Inter- 
national Pool Agreement and which may contain up to 
200 kg per ton), or "highly enriched" (about 90% 
pure, as used in many American research reactors). 
Extraneous atoms are however present even in the 
pure fuel, whether U 286 or Pu, since it has to be used in 
the form of a chemical compound, or an alloy, or in 
conjunction with a carrier substance. 

The most commonly used types of fuel are at 
present: 

(a) Natural uranium, usually in the form of pieces 
of chemically pure metal. They are usually cylindrical 
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(short or long, full or tubular) and wear a thin metallic 
sheath ("cladding"). 

Main advantage: availability in a nearly free 
market. Basic disadvantage: absorption of neutrons 
by the preponderant U 238 leaves few neutrons avail- 
able for other losses. The resulting increase in critical 
mass is considerable. In order to mitigate it, only the 
least neutron-absorbing materials, and those only in 
limited amounts, may be used for cladding and in the 
construction of the reacting vessel and of its internal 
cooling, controlling and experimental devices. How- 
ever, the critical mass remains big enough lo necessi- 
tate the extraction of great amounts of heat for a 
given flux; in fact for each kilowatt extracted from a 
current-type enriched-fuel reactor, we may have to 
take as many as a 100 kw out of a graphite-and- 
natural U reactor if we want to obtain the same flux in 
both cases. 

This enormous increase in the necessary power level 
aggravates all safety problems and necessitates costly 
engineering structures outside the reactor proper. To 
sum up: compared to an enriched-fuel research re- 
actor, a natural-uranium one is crude, costly and less 
safe. Nevertheless, many research reactors of this 
type have been, and probably yet will be, built; the 
advantages of availability may be decisive if the re- 
quired flux is not too higii. It should also be said that 
for various types of production reactors, the disadvan- 
tages of natural uranium are far less decisive and a 
community which wishes to combine research with a 
pilot-design for a producing system may well decide to 
make a start with natural fuel. 

(6) Chemical compounds of highly enriched ura- 
nium. The most commonly used compound is uranyl 
sulfate dissolved in ordinary water. 

(c) Highly enriched uranium alloyed with many 
times its weight of aluminium. This alloy, sandwiched 
between Al sheets, constitutes the "fuel plate" and 
several plates, held in an Al box, constitute a standard 
"fuel element." 

Absorption by Al tends to thin out the available 
neutrons; with a minimum of Al, more flux is obtained 
per kilowatt of reactor power. Since tendency is to- 
wards higher fluxes, it may be expected that future 
designs of fuel elements will tend to reduce the A1 
content. 

This type of fuel is likely to assume a preponderant 
place in the research reactor field. It has already this 
place in the US practice and, as enriched fuel be- 
comes available to a greater number of nations, this 
preponderance will spread. Medium-enriched uranium 
(up to 20 per cent; see above) can be used in the same 
way, although the U 238 atoms present in the fuel 
diminish the flux-generating efficiency in the same way 
as aluminium does. At 20 per cent enrichment this 
decrease is noticeable but in no way decisive for the 
reactor design. Plutonium, whenever available, may 
in principle be used in the same way, in similar fuel 
units, although the metallurgy of its mixing with the 
carrier may be in practice somewhat different. 



(d) Slightly enriched uranium (15 kg or so, of total 
U 286 per ton of U) may become available in the future 
as a first, and militarily innocuous, step of isotope 
separation. Its presentation must be different from 
that of richer sorts, since U 23 " is plentiful enough to act 
both as a carrier and as flux inhibitor. 

As regards the disadvantages mentioned under (a) 
above, it will be found that slightly enriched uranium 
is intermediate between the natural and the rich 
grades. The intolerance of materials, on the other 
hand, is greatly attenuated even at the slightest en- 
richment. In other words, a reactor of this type, com- 
pared to a rich-fuel one, is still somewhat costly and 
less safe, but contrary to a natural-uraniun one it 
need not be technologically crude. 

Two important aspects of the fuel question may be 
mentioned here. The cladding problem in research re- 
actors is far less important than in productive ones, 
since there is little need for high temperatures, unusual 
mechanical stresses or corrosive liquids. Only in gas- 
cooled (see below) natural-U types are there serious 
difficulties to solve in connection with this problem. 

The length of stay of a fuel element in the reactor 
depends on many causes of limitation, most of which 
are simply proportional to the flux. This goes for the 
radiation damage which tends to throw the element 
out of shape; for the mechanical, thermal and cor- 
rosional fatigue (chiefly in natural-U reactors) ; for the 
poisoning by fission products and finally for the simple 
depletion (which is the dominant, cause in rich-fuel 
types). The following rule of thumb may be of some 
use: in low-energy reactors (those not requiring any 
cooling), the length of stay of the fuel is practically in- 
definite. In cooled reactors giving a flux under 10 13 , the 
lifetime of the fuel may be counted in years (many, or 
at least a sizable fraction). Above 10 13 the useful life is 
counted in months or weeks. 

2.3 Moderators and Reflectors 

In most research reactors, and certainly in all those 
which have been declassified to any marked degree, 
the chain reaction is propagated by thermal neutrons, 
which means that the reacting medium, in addition lo 
fuel, must contain a high proportion of lightweight 
"moderating" atoms. The juxtaposition of fuel and 
moderator may be homogeneous (solutions of U salts), 
or arranged in a spatial lattice (a certain degree of 
spatial segregation is structurally convenient and 
moreover, whenever the fuel contains considerable 
amounts of U 238 , becomes necessary for nuclear 
reasons). 

Moderators used at present are: 

H (light hydrogen) in the form of H 2 O (other com- 
pounds, such as plastics, can be used only at lowest 
fluxes because of radiation damage). 

D in the form of heavy water. 

Be, usually in the form of beryllia BeO. 

Carbon in the form of synthetic graphite. 

The advantages of H 2 O are: zero cost; highest slow- 
ing-down efficiency per cm of neutron path, hence the 
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possibility of achieving the reaction in a minimum 
volume; possible use as a coolant, which makes pos- 
sible a simplified reactor design; ability to maintain, in 
a given medium, a high ratio of fast to slow neutrons 
(see in chap. Ill the description of the highest-flux 
research reactors). Disadvantages: relatively high neu- 
tron absorption (thins out: the thermal flux). The very 
compactness of the water-moderated reacting medium 
may become a disadvantage if one wishes to maintain 
the reaction in a fairly large volume in order to ac- 
commodate many experimental facilities. 

The advantages of D 2 O are: good slowing-down effi- 
ciency (not so good as H 2 O, better than C or BeO); 
possible cooling function (like H 2 O) and, above all, 
practically no neutron absorption (important in con- 
junction with poorer fuels; very important in tech- 
niques based on natural U). Disadvantage: high cost. 

The advantages of graphite are: low cost; solidity 
(which is put to use in some very simple designs, as for 
instance in low-pressure air-cooled reactors); resist- 
ance to high temperatures. Disadvantages: appreciable 
neutron absorption (not as bad as H 2 O, so that graph- 
ite is still usable with poor fuels); lowest slowing-down 
efficiency. 

This balance of advantages and disadvantages 
points overwhelmingly to the use of graphite, as a 
moderator, in conjunction with cheaper fuels and least 
advanced technology. In the present research reactor 
technique, moderation by graphite occupies a rather 
unimportant place; it had a greater importance in the 
past when lower fluxes were aimed at, and refined 
materials were less easily obtainable, and may become 
important again if the trend in research reactors re- 
verts towards higher temperatures. 

Beryllia is on the whole comparable to graphite; its 
much higher cost offsets its somewhat greater efficiency 
as slower-down. 

An additional layer of a moderating substance is 
usually provided around the reacting medium for the 
purpose of sending back some of those neutrons which 
tend to escape from the outer surface of this medium. 
Such a rellector exerts a beneficial effect on the flux to 
total power ratio since it improves the neutron econ- 
omy and thereby decreases the critical mass. 

For reflectors the high density (atoms per liter) is 
rather more important than for moderators; low 
atomic weight is somewhat less useful and appreciable 
neutron absorption somewhat less prohibitive; other- 
wise the requirements are similar. This shifts the 
balance in favour of beryllia, the other three com- 
petitors ranging in the order: heavy water, graphite, 
light water. Two other considerations are: cost (which 
makes beryllia particularly desirable for reactors 
moderated by light water, since in these the reacting 
volume is small, and therefore can be surrounded 
without expending too great an amount of reflecting 
substance); and simplicity of design, which confers 
an additional preference on using the same substance 
as both moderator and reflector. This structural unity 
of the "core" (reacting zone) with the reflector is cus-_ 
tomary in graphite-moderated, and in many types of 



water-moderated reactors: in the latter, the capacity 
of the tank containing H 2 O or D 2 O may considerably 
exceed the volume necessary to maintain the chain 
reaction and the fuel lattice occupies only a central 
zone of water-filled volume, so that the fuel-carrying 
core is surrounded on all sides by (at least) a few 
decimeters of water. 

The device of composite reflection may be resorted 
to. Heavy water is an efficient but expensive reflector; 
it pays to use it in a fairly thin layer and to dispose, 
outside the water- tank, an additional and cheaper 
layer of graphite. In H 2 O-moderated reactors the 
situation is reversed: cheap but inefficient, ordinary 
water is best used as a second (outer) reflector which 
means that the water tank is big, and that a hollow 
polyhedron build of BeO or C is immersed in it so as 
to surround the core on (if possible) all sides. 

2.4 Cooling 

The operation of a high-flux research reactor pro- 
duces great quantities of heat in a small core volume; 
this heat has to be removed in ' rder to avoid the dis- 
ruption of the core. Contrary to what takes place in 
power-producing reactors, the removal of heat from 
research reactors is to be considered as a means rather 
than an end and can be carried out with little regard 
to the quality (temperature) of the outgoing heat flow. 
This indifference simplifies the construction of the 
circuits which carry the coolant through the reacting 
core; their low working temperature widens the choice 
of circuit materials; corrosion dangers are minimized 
and high coolant pressures can be more easily with- 
stood. Only in the highest-flux reactors (around 10 H ), 
where the rate of heat removal per unit: volume ap- 
proaches the ultimate possibilities offered by the con- 
temporary engineering, does the necessity of maintain- 
ing high temperature gradients reappear in some designs. 

Zero-power and low-power research reactors present 
no cooling problem; as the power approaches the 
10-kilowatt range, or the flux some 10 U , the necessity 
for some fluid to move continuously through the react- 
ing volume begins to appear. At that stage, for the 
reactors using ordinary or heavy water as moderator, 
there is the convenient possibility of using the motion 
of the water in bulk, which takes place by natural 
convection, if the core is provided with openings lead- 
ing to a much greater mass of water or to an external 
heat exchanger. 

Whenever this system cannot be used, or is found 
in sufficient to reach the desired power and flux levels, 
the cooling fluid has to be forced through the reacting 
medium. The simplest case is: 

(a) Gas in an open circuit. The only gas plentiful 
enough to be used for a single passage is air in which 
no high compression work has been invested, that is 
circulated at a low pressure. Advantages: extreme 
simplification of the cooling channels and of the dis- 
posal after passage (into a high chimney). No engineer- 
ing and corrosion problems. Disadvantages: large-size 
blowers and ducts, fairly high power consumption. 

The practice has shown that this system cannot 
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compete with the natural convection mentioned above 
and is therefore applicable only to relatively low-flux 
reactors composed of graphite and natural uranium. 
The limitation of its efficiency comes simply from the 
fact that there are too few coolant molecules which can 
pass through the core in a given time. 

(6) If used in a closed circuit, the gas can be com- 
pressed, thus increasing the number of passing mole- 
cules and the efficiency (better heat removal and 
lower power consumption). Fluxes of the order of 10 13 
become possible, so that this system can compete, to 
some extent, with the cooling by liquids; it presents 
the advantage of minimizing corrosion problems and 
it can stand high temperatures (but, on the other 
hand, it requires them). On the whole this sturdy, but 
somewhat clumsy, way of cooling is best suited for 
those research reactors which are built as a preliminary 
step towards industrial applications. 

(c) Cooling by water: either ordinary or heavy 
water may be used. Advantages of t^O as compared 
to D 2 O: low cost, simplifiration of outside pumping 
and heat-exchanging devices, since leakage can be 
afforded. Advantages of D 2 O: low neutron capture 
(important in systems where neutron ecqnomy is 
strict, above all in conjunction with natural ufanium) ; 
elimination of the contamination risk (in reactors 
which already contain heavy water as moderator). 

Both kinds of water present, as coolants, the com- 
mon advantage of offering the highest number of 
heat-removing atoms per unit volume (as compared 
not only with compressed gas, but also -to a smaller 
but significant extent with liquid metals); and the 
common disadvantage of requiring highly pressurized 
vessels and ducts, if any but the lowest, working tem- 
peratures are to be adopted. Since in research reactors 
the accent is on high fluxes (reduced working volumes) 
rather than on high temperatures, the balance of ad- 
vantages of water as a coolant is particularly favour- 
able in the research reactor domain. For this reason we 
mention only very briefly: 

(d) Cooling by liquid metals, to be used only if high 
temperatures are essential, or wherever it is necessary 
to avoid the presence of a moderating substance (as in 
the laboratory prototypes of fast-neutron reactors). 
Liquid sodium or sodium-potassium alloy (lower- 
melting, hence easier to handle, but less efficient as a 
heat remover) have been used so far; the use of bis- 
muth is considered in some advanced projects. 

2.5 Shielding 

On the outer surface of the reflector neutron density, 
although much weaker than in the core, is still much 
too high to be safely approached by personnel; gamma- 
ray intensity is even less attenuated. Core and reflector 
must therefore be surrounded on all sides by a neutron 
and gamma- -absorbing medium. The first of these 
two aims is best achieved by a substance consisting of 
light-weight atoms, the second by a heavier one. The 
combined shielding may be achieved by two successive 
layers (say water followed by a metal), or by using a 
substance containing both kinds of atoms. Since 



heaviest metals arc costly, the tendency is to use con- 
crete (which contains, as light atoms, some H 2 O and 
more O combined to Ca) loaded with iron or barytes. 
The heaviest loadings (concrete density up to 6) are 
costly and used only with the highest-flux reactors; in 
most cases densities of about 3.5. are sufficiently 
effective. 

From a vast practical variety of shapes and 
thicknesses, the following general remarks can be 
abstracted: 

(1) Reactors of zero or a few watts power require 
no protective shield; 

(2) The core-and-reflector volume in research re- 
actors fueled by natural uranium is so bi^ that the 
radius of this volume is greater than the thickness of 
the concrete shield. If the concrete layer has to sur- 
round such a great inner volume, the total volume 
may become enormous (1000 m* or more) and the total 
weight of concrete may run into thousands of tons. 

(3) In most up-to-date research reactors, however, 
the radius of the core-and-reflector volume is com- 
parable to, or shorter than, the protective thickness. 
The total volume (overwhelmingly concrete) is there- 
fore muvH smaller and within a small factor, is of the 
order of 100 m 3 . 

(4) The outer shape of the shield (and, therefore, of 
the whole reactor) should theoretically, be spherical 
but in practice is determined by the possibilities of 
construction. A near-cube is probably easiest to build, 
but the present tendency is towards octagonal (or 
dodecagonal) prisms. 

(5) If the concrete contains some added boron, the 
necessary thickness is somewhat lower, which may 
result in a reduction of cost. 

(6) In some H 2 O-moderated and cooled research re- 
actors the core is surrounded by a considerable bulk 
(of the order of 100 or 200 m 3 ) of water which serves as 
a first protective shield in some directions. 

These orders of magnitude show the interest, from 
the economy point of view, of compact designs and, 
therefore, of enriched fuels. 

A structural complication comes from the necessity 
of avoiding the excessive heating of the concrete. In 
high-power research reactors there usually is a layer 
of heavy metal (a few centimeters of iron or lead 
"thermal shield") interposed between the reflector 
and the concrete. Air or water cooling of this layer is a 
simple problem, since no specifically nuclear difficulties 
are involved. 

2.6 Controlling and Experimental Equipment 

In all reactors, whether intended for research or not, 
the control of operation is based on the direct inter- 
ference with the rate of production or (more often) the 
rate of disappearance of neutrons in the reacting core. 
The most frequently used device consists in moving a 
neutron-absorbing mass ("control rod") with respect 
to the core. In liquid-moderated types the level of 
moderator in the reacting tank can be varied; in com- 
pact types, motion of reflecting elements, or of the fuel 
itself can be very effective. 
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Such controlling devices may be operated by hand, 
or harnessed automatically to an instrument which 
measures the power level and, at any rate, arranged so 
as to stop the operation ("safety rods") if, for any 
accidental reason, the power level oversteps a pre-sel. 
allowed maximum. Their construction and coordina- 
tion with radiation-measuring apparatus have by now 
reached a high degree of elaborateness and reliability; 
since their nature is the same in all research reactors, 
and their cost is never one of the major budget items, 
their technology is hardly relevant to our present 
enquiry. The same can be said of the radiation measur- 
ing apparatus itself which is standard electronics. 

The situation is different with the experimental 
facilities. When choosing a reactor design, it must be 
remembered thai the most powerful chain-reacting 
device is hardly of any use if no radiation can be taken 
out of the reacting volume, and no material specimen 
can be put into it or close to it. But, on the other hand, 
every facility to do so interferes with the reaction 
itself, increases the necessary amount of ingredients, 
decreases the efficiency of reflectors and shields and 
complicates the problems of cooling and of personnel 
safety. A balance has to be struck between these con- 
flicting considerations, all of which have an incidence 
on the cost of the project. 

Most of the experimental facilities take the shape of 
channels leading through the shield and the reflector 
towards the edge or the inside of the core. Most chan- 
nels are associated with specialized equipment, accord- 
ing to their intended use, such as collimators and 
shutters for the radiation beams; special shielding 
plugs to be inserted after the necessary apparatus or 
material has been introduced inside the pile; layers of 
appropriate substances necessary for filtering the 
desired kind of radiation (such as bismuth used to 
obtain gamma-free beams of neutrons, or uranium 
which converts slow-neutron beams into fast ones); 
mechanical or pneumatic conveyor devices for sub- 
jecting samples to quick irradiations; thermostats for 
irradiation at a constant temperature. 

Highest-flux regions of a reactor can hardly be 
reached otherwise than through these specially ar- 
ranged channels (the term "beam hole" or "beam 
port" covers most of these, except for some very 
specialized types). Some use can also be made of 
openings normally used for the introduction and ex- 
traction of fuel; or a fluid substance to be irradiated 
may be circulated, instead of the coolant, through an 
isolated section of the cooling network. For irradia- 
tions requiring big volumes, cavities can be arranged 
in the shield; if filled with graphite or beryllia, they 
are called "thermal columns." Water-moderated and 
shielded reactors are particularly suitable for experi- 
mentation with bulky specimens. 

The total number of beam holes and other irradia- 
tion openings in a research reactor should be at least 
of the order of 10; in less compact types this number 
may go as high as several dozen. As a representative 
example, we reproduce below the list of the main ex- 
perimental facilities permanently attached to a mod- 



ern high-flux reactor (CP5) in which a compromise 
was sought between compactness and availability of a 
conveniently wide experimental volume (dimensions 
across the opening are given in inches): 

1 channel reaching to the center of core, 3 in. 

7 channels reaching to the outer regions of core, 
3 in. 

2 beam holes, 12 in. 

6 beam holes, 4 in., two of which positioned with a 
special regard to fast-neutron flux 

2 beam holes across the reactor, passing near the 
edge of core, 6 in. 

1 pneumatic through-channel, passing near the core, 
2 in. 

2 holes for biological irradiation, outer region, 
8 in. X 12 in. 

2 thermal columns, outer region, 60 in. 

Some smaller facilities also are available, bringing 
the total number of experimental openings to about 
50. 

Ample space outside the rcacto 1 *, close to the shield, 
should always be provided. The necessary floor space 
has been estimated at about 5 square meters per ex- 
periment. Since heavy shielding of apparatus is often 
necessary, the floor should be strong enough to support 
several tons per square meter. 

3. PERFORMANCE DATA ON THE PRINCIPAL 
TYPES OF RESEARCH REACTORS 

All figures quoted below aim at giving an idea of 
order of magnitude for the purpose of comparison. 
Precision is difficult, if only because the concepts such 
as the "average available flux," the "core volume," 
etc., have not yet been standardized. Fuller numerical 
details, together with sketches and plans, can be found 
in the current literature. 

Each particular type can be mentioned only very 
briefly; we describe however in somewhat greater de- 
tail the two or three types which are likely to dominate 
the research reactor field in the near future. 

At the time of writing, no details were available on 
Soviet research reactors. 

3.1 Lowest-Energy Reactors 

Assemblies of fuel, moderator and reflecting mate- 
rial in which no provision has been made for heat re- 
moval, can be run either without any shielding (power 
of the order of a few watts, flux close to the 10 7 range) 
or with some shielding which allows the operation at 
a few kilowatts. Such a "zero power" reactor can 
constitute either the easiest introduction to the reactor 
technology in general, or a first step towards the con- 
struction of some definite novel type. In the latter 
case, running at a very low power may be required so 
that the components do not become radioactive and 
can be approached and studied. 

Historical specimens: the "first reactors" using 
graphite and natural uranium, such as "CP 1 " (1942) 
in Chicago and "deep" (1947) in Harwell, England 
(the latter with some rudimentary cooling). With 
D 3 O and natural uranium: "Zeep" in Canada (1945), 
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"Zo6" in France (1948). In the present state of in- 
formation and supply, it is unlikely that more such 
reactors will be built. On the contrary, the use of first- 
step "critical assemblies" is likely to develop (some 
past examples: "Lopo" built in 1944 at Los Alamos as 
a prelude to the development of the Water Boiler type; 
more recent critical experiments with plutonium solu- 
tions; " Dimple " a D 2 O and U assembly at Harwell). 
A zero-power reactor requires appreciably (by a 
factor up to 2) less fuel and moderator than a full- 
scale reactor of a similar composition provided with 
cooling and experimental facilities. 

3.2 Graphite and Natural Uranium 

Principle 

A mass of graphite (several hundred tons) serves as 
moderator and reflector; the mass is traversed by 
numerous (several hundred) channels through which 
fuel elements are introduced and the cooling gas (usu- 
ally low-pressure air) is blown. Specimens: The X-10 
reactor at Oak Ridge, Tenn. (1943); "Bepo" at Har- 
well (1948); Brookhaven, near New York (1950); re- 
search reactors being at present built in Belgium and 
Western Germany. Fuel: metallic U in cylindrical rods 
or cartridges, clad usually in Al, possibly Mg; the total 
amount of fuel in oldei versions is roughly of the 
order of 50 tons, whereas modern versions, thanks to 
improved quality of ingredients, may contain only 20 
or 30 tons of fuel. Power: individual cases range be- 
tween 3000 and 30,000 k\v. Flux: around 1() 12 (highest 
value, reached at Brookhaven: about 5 X 10 1 ' 2 ). Experi- 
mental facilities: very numerous and convenient, 
owing to the great bulk of the reactor and the ease of 
access to the centre of the core. 

Comment 

As enriched fuel and heavy water become available, 
it is unlikely that many more such reactors will be 
built in the future for research purposes alone, since 
they are far too costly in ingredients and cooling 
machinery. Graphite and natural U remain, however, 
of interest for power production, and pilot plants of 
this type may be provided with research facilities. It is 
also to be noted that most of the radioisotope produc- 
tion, for which high fluxes are not necessary, but great 
volumes available for irradiation are useful, takes 
place at present in reactors of this type. 

3.3 Heavy Water and Natural Uranium 

This type of chain-reacting medium has been of a 
considerable importance in the research reactor field. 
Its first representative ("CP3" of Argonne, near 
Chicago) was built in 1944 specifically for research 
purposes; subsequent development took place chiefly 
outside the United States. Specimens in existence or in 
project use a great variety of systems of cooling, 
covering a wide range of powers and fluxes, from the 
uncooled reactors, already mentioned, upwards: 

1 . Cooling by Unforced Circulation 

Convection movement carries the bulk of heavy 
water, in a closed circuit, through an external heat 



exchangerSpecimens: "CP3" (1944-1950); Kjeller, 
Norway (1951); Chdtillon (1953, replacing the French 
uncooled reactor); Stockholm (1954). Fuel: pieces of 
metal enclosed in aluminium tubes; total charge of U: 
about 2 or 3 tons. Size of reacting core: a few cubic 
meters. -Reflector: graphite. Power: about 100 kw 
per ton of uranium. Flux: a maximum of 1 or 
2 X 10 IS . At this flux level the radiation-induced de- 
composition of D 2 O is significant enough to necessitate 
the circulation of the gaseous atmosphere of the re- 
actor tank through a catalytic recombination unit 
(this feature is found in all D 2 O-moderated reactors 
above a certain power level). 

A factor 3 or so in power and flux could probably be 
gained by realizing all the potentialities of this cooling 
system ; such a D 2 O and natural U reactor, still simple, 
might compete with the H 2 O and enriched uranium 
systems (see below), in the 1() 12 10 l: * flux region. If 
such a competition does take place, it will be governed 
by the availability and cost of DaO and enriched U. 



2. Cooling by Compressed Gas 

The only specimen (Saclay, France, 1952) was the 
first reacior to be cooled by compressed gas and also 
the first I) 2 O-moderated reactor in which the coolant is 
brought to a high temperature. Fuel: about. 3 tons of 
U in the form of metal cartridges clad with Al or Mg. 
Size of reacting core: about 6 cubic meters. Reflector: 
graphite. Coolant: N 2 or CO 2 gas under a pressure of 
up to 10 atmospheres. Maximum power: about 
2000 kw, corresponding to a maximum flux of 
8 X 10 12 . 

Gas cooling, as shown by the British plans for 
energy production, can probably be made 3 or 5 times 
more efficient, reaching the fluxes of a few times 10 13 . 
For research purposes, however, cooling by water is 
probably more convenient at these flux levels. 

3. Cooling by H 2 O 

Only specimen: "NRX" (Chalk River, Canada, 
1947). Fuel: about 9 tons of uranium rods clad in Al. 
Size of reacting medium: about 15 cubic meters. 
Cooling: ordinary water flowing through tubular 
channels along the rods. Reflector: graphite. 
Power: 40,000 kw. Flux: maximum 7 X 10 13 ; access 
to numerous regions in which flux is well above 10 13 . 

This very unique reactor offered for many years the 
highest flux in the world and still is remarkable for its 
numerous, large and convenient experimental facili- 
ties. It is however more costly than most modern re- 
actors and its power is too high according to the safety 
standards valid for most places in which a research 
reactor is likely to be located. The great bulk of the 
reacting medium, although not likely to be repro- 
duced in modern designs, is an advantage from the 
experimenter's point of view. In Canada reactor re- 
search is carried out in a single centralized establish- 
ment and in such conditions, and as long as enriched 
fuel is not readily available, the NRX design remains 
competitive. 
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4. Cooling by Forced Circulation of D 2 O 

A further development of the NRX type, with 
cooling by D 2 O forced along the fuel rods, is nearing 
completion at Chalk River. This "NRU" reactor, 
with a power substantially higher than that of NRX, 
will produce significant amounts of plutonium; it will 
also serve as a prototype for power production. Most 
of its details are classified and it cannot be considered 
as belonging to the research reactor class. It is however 
noteworthy that such a multi-purpose reactor can 
offer fluxes not much smaller than those reached in 
the most efficient existing research reactors and that 
elaborate research facilities, mostly for reactor tech- 
nology, have been provided in its design. Such a pro- 
vision for research in non-research types of reactors 
may yet become an important future trend. 

3.4 Heavy Water and Slightly Enriched Uranium 

An interesting design recently completed in France 
(" ELS ") is based on the use of a fuel containing about 
twice the natural amount of U m . With this fuel, inter- 
mediate between natural and highly enriched, the 
characteristics of the proposed reactor fall between 
those of NRX and the highly-enriched type (see sec- 
tion below). There will be about half a ton of fuel in 
the form of metal cartridges; the total power, ap- 
proaching 15,000 kw, will create a maximum flux of 
10 14 in the centre of an active volume of nearly 3 cubic 
meters. I) 2 O, under forced circulation, acts both as 
moderator and coolant. 

Although the choice of these characteristics was 
dictated mainly by considerations of fuel supply, ELS, 
designed exclusively as a research reactor, may yet 
prove significant as a compromise between the modern 
trend towards low power and compactness, and the 
older, more spacious designs. 

3.5 The Water Boiler 

Principle 

The fuel (highly enriched) is dissolved in ordinary 
water; this liquid core is contained in a small stainless- 
steel vessel surrounded by the reflector and shield. 

Specimens 

Los Alamos ("Supo," in operation since 1951). - 
North Carolina State College (since 1953) - -Uni- 
versity of Utah. Armour Research Foundation 
(Chicago) Projects offered by several private com- 
panies. Fuel: about 1 kg of highly enriched U 235 in form 
of uranyl sulfate. Moderator (and solvent medium): 
ordinary water. Size of core: about 15 liters. Cooling: 
ordinary water flowing through a system of tubes im- 
mersed in the core (no direct contact with solution). 
Reflector: blocks of beryllia, more often blocks of 
graphite. In at least one project, the core vessel is to be 
surrounded by an outer tank containing H2O as re- 
flector, the variation of water level being then used as 
the main controlling device. Shielding: thermal shield 
and heavy concrete. Experimental facilities: thermal 
columns (possibility of several); beam ports and ex- 
perimental channels of all types including the all-the- 
way-through channel going through the core. In view 



of the small core volume, the water boiler is best suited 
for beam experiments. 

Power 

Supo is run at about 50 kw. More efficient cooling 
could push the power to 100 or 200 kw. As in D 2 O 
moderated reactors (see above), provision must be 
made for the recombination of hydrogen and oxygen. 

Flux 

At 100 kw, about 3 X 10 12 . Fast to slow ratio: 
favourable, because of moderation by H 2 O. 

Variant 

In a project developed by North American Aviation 
Inc. the enriched fuel is in the form of U oxide mixed 
homogeneously with graphite powder; cooling is by 
D 2 O circulating in a tubular coil. This design elimi- 
nates the recombination problem and some of the 
dispersion hazards; it is however less compact, more 
costly than that of a "conventional water boiler" and 
requires a somewhat higher power to produce the same 
flux. 

Cost 

Figures quoted in literature range between 100,000 
and 500,000 dollars. The lowest figure seems to cor- 
respond to a minimum of experimental facilities; in 
more elaborate versions these facilities constitute the 
major cost item. 

3.6 The Swimming -Poo I 

Principle 

A single mass of ordinary water (100 to 200 m 3 ) held 
in a concrete tank serves as moderator, main reflector, 
coolant and first shield. The fuel assembly is attached 
to a steel framework which is suspended in the pool 
from a bridge spanning the pool width above the water 
level. The walls of the pool provide the residuary 
shielding. 

Specimens 

Oak Ridge ("Bulk Shielding Facility") in operation 
since 1951. Numerous reactors in construction, most 
of which are scheduled to operate in 1956: University 
of Michigan University of Pennsylvania Naval 
Research Laboratory (Washington) Watertown Ar- 
senal (Massachusetts) Wright Air Force Base 
Battelle Institute (Columbia, Ohio) United Nations 
Conference (Geneva, August 1955) As in the case of 
"water boilers," projects are offered by numerous 
American industrial companies, some of which are 
already acting as general contractors for reactors under 
construction. 

Fuel 

3 to 3^ kg (according to quality of reflector) of 
highly enriched U combined with Al in the way 
described in Chap. IT. Bulk of the assembled lattice: 
about 50 liters. Moderator: ordinary water (no sepa- 
rate container for the moderating volume, that is for 
the reacting core, is necessary). 

Reflector 

The pool water fulfills the main reflecting function. 
The efficiency is improved if the lattice is surrounded 
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by graphite (see below) or by beryllia (a 10 cm thick 
BeO reflector can be obtained by putting, around the 
periphery of the fuel assembly, an outer layer of boxes 
similar in shape to fuel elements, but containing BeO 
instead of the U-A1 combination). 

Cooling 

Temperature gradients resulting from the reaction 
taking place in the fuel plates produce a flow of water 
in the interstices between plates. Heat is thus drawn 
into the whole bulk of pool water whence it is dissi- 
pated through walls and by evaporation. This spon- 
taneous heat removal is valid up to power levels of 
about 100 kw. To go beyond that, the pool water has 
to be circulated through an external heat exchanger 
connected with the pool volume through an inlet and 
outlet situated near the core. A factor 10 in power can 
thus be gained; intermediate power levels are tech- 
nically unprofitable. 

Flux 

At 100 kw, inside the core (nearly unavailable for 
experimentation): about 2 X 10 12 . At the surface of 
the core (available) 10 12 . Fast flux at the core surface: 
about J4 of the slow flux. At. the higher power levels 
(recirculation of water), the fluxes are about 10 times 
higher. 

Shielding and Experimental Facilities 

In all Swimming Pools the core is immersed 5-7 
meters deep in water which affords the shielding in the 
upward direction. The sideward shielding presents 
variations from one project to another, according to 
the intended use of the reactor. The first Swimming 
Pool (Oak Ridge) was designed mainly in order to ob- 
serve the interaction of radiation with bulky items of 
material, which could be simply immersed in water. 
Instruments and equipment can also be immersed, if 
necessary. Water-proofed tubes leading to the vicinity 
of the core may also be provided. In the simplest 
version, the core can be set in a fixed position sur- 
rounded on all sides by several meters of water, and 
the tank can be imbedded in the ground. In later 
versions the core was made movable between a central 
position (for bulk experiments, as above), and one in 
which the core finds itself in the close proximity of a 
wall; the simple rectangular shape of the pool may in 
such a case be replaced by a more complicated one, 
affording a convenient corner. Numerous variants, in 
particular those proposed by Bendix Research Labo- 
ratories. The wall of the core-containing corner has 
then to be reinforced along the familiar lines (concrete 
thickness of the order of 1.5 or 2 meters). The usual 
beam holes and through channels can then be provided 
reaching through concrete and water to the immediate 
vicinity of the core. 

Summary of Variants and Costs 

It results from the published figures that the sim- 
plest version of the Swimming Pool (no recirculation, 
therefore power up to 100 kw, and full-depth immer- 
sion on all sides) may cost less than a well-equipped 
Water Boiler. Such a Pool is a simpler reactor suited 



for bulkier and less refined experiments than those 
performable with the Boiler. 

In its most complicated variants, as yet uncon- 
structed (recirculation, wallside-core facilities, avail- 
able flux up to 10 1 * and possibly even more), the 
Swimming Pool will cost definitely more than the 
Boiler and will offer appreciably more varied research 
possibilities. 

3.7 Heavy Water and Highly Enriched Fuel 

Principle 
D 2 O used as moderator, coolant and first reflector. 

Specimens 

"CP5" at Argonne (Illinois), in operation since 
1954; "E443" at Harwell, England, to operate in 
1956. (The following data refer to CP5). Fuel: A mini- 
mum charge of 1.2 kg of U 236 (about 90 per cent pure) 
alloyed and assembled with Al. Core volume: about 
200 liters. Moderator and first reflector: about 5 J^ tons 
of D 2 O in a single tank, forming a 60 cm layer around 
the core. Second reflector: a 60 cm layer of graphite 
around the tank. Cooling: convection flow through 
core and bulk circulation of D 2 O through an external 
exchanger. Shield: About 150 cm of heavy concrete, 
lined on the inside with a few cm of lead. Experimental 
facilities: see the list given in Chap. II. Flux: at 
1000 kw, more than 10 13 at the maximum point inside 
the core; falls slowly to ^ X 10 13 at tank edge and 
affords a vast experimental volume with about 10 18 . 
Available fast (virgin) flux: about 10 12 . Cooling and 
other facilities are adequate for operation at 5000 kw 
(thus pushing the maximum towards 10 U ), but the 
one-megawatt ceiling is observed for safety reasons. 

Comment 

The CP5 type provides a high (but not the highest) 
flux, with insistence on a large number of experimental 
facilities and a relatively low power. The future of this 
type depends on the possibility of running at higher 
powers (E443 is intended to run at 10 MW and reach 
10 14 ) which may require a somewhat bigger fuel charge 
(2H kg in E443). 

3.8 Highest Fluxes 

Principle 

Although a D 2 O-moderated reactor affords the best 
possibility of producing a very high slow flux, designers 
aiming at highest possible fluxes should not forget the 
claims of the fast-neutron research; here H 2 O asserts 
itself again. As regards cooling at highest powers per 
unit volume, both waters are theoretically equivalent; 
in practice D 2 O demands additional guarantees against 
pollution and loss by leakage, so that the already 
harassed designer may prefer to deal with H 2 O. Water 
is used both for moderation and for cooling, but (in 
the highest- powered type) neither as a reflector nor as 
a shield. 

Specimens 

In the Materials Testing Reactor ("MTR", at 
Arco, Idaho), operating since 1952, the highest-flux 
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principles have been pushed to the farthest limit, as 
yet reached. Fuel: 4 kg of highly-enriched U assembled 
with Al in standard fuel elements. Moderator: As in 
Swimming Pool; the fuel, the moderator and the first 
reflector are contained in the same tank. Size of core: 
about 100 liters (there is room for extending the 
volume up to 170 liters). Cooling: H 2 O forced through 
the tank; at 30 megawatts the flow rate is 75 m 3 per 
minute. First reflector: beryllia in blocks, pierced with 
channels for cooling; surrounds the core with a thick- 
ness of 30 -40 cm. Second reflector: graphite (thickness 
of the order of 100 150 cm). Shield: 10 cm of steel and 
270 cm of heavy concrete. Experimental facilities: 
usual types, some of which go through the highest-flux 
region. The Oak Ridge projects provide channels 
going through the core. Flux: (MTR at: 30,000 kilo- 
watts): maximum, situated in the reflector, 4 X 10 14 ; 
average available 2 X 10 H ; fast (virgin), average: 
1 X 10 14 . 

A preliminary reduced version ("LITR") has 
functioned at Oak Ridge since 1950. More ambitious 
reduced projects have been recently published by the 
Oak Ridge staff, and a powerful research reactor, fall- 
ing however somewhat short of the MTR level, is at 
present in construction at Oak Ridge ("ORR"). 
A stronger version of MTR, which will be run at a sub- 
stantially higher power, and will reach accordingly 
higher fluxes, is at present contemplated by the 
American AEC. 

In ORR the power may reach 10,000 kw or more, 
and the available flux will be close to 1() 14 , within a 
small factor depending on the exact power. 

According to the published figures, MTR is some 
5 or 6 limes more expensive than the ORR project; 
this may point to a "law of diminishing returns" as 
applied to the efficiency of the present design at high- 
est powers and fluxes. 

* * * 

As we have already stated in connection with 
"NRU" (see Section C above), the great cost of re- 
search reactors offering very high fluxes may lead to a 
more widespread use of multi-purpose projects in 
which the reactor, built as a producer, or as a pilot 
stage of a technological development, is also provided 
with experimental facilities enabling it to be used for 
research purposes. 

Such reactors lie outside the scope of the present 
report, since their design and economy are mainly 
conditioned by factors other than their usefulness for 
research. The same can be said of experimental 
assemblies seeking to explore entirely new trends in 
reactor development, usually with the ultimate aim of 
producing either useful power or transmuted fuels. 
In addition to their specific purpose, such assemblies 
can be useful for gaining information of a wider kind. 
Thus, for instance: 

(1) In the Experimental Breeding Reactor (Arco, 
Idaho, 1951), run at 1400 kw, the chain reaction is 
propagated by fast neutrons, which enables the re- 
actor to offer, at that power, a somewhat higher fast- 
flux than that reached in MTR. 



(2) In the Homogeneous Reactor Experiment (Oak 
Ridge, 1953), a solution of enriched uranium salt 
circulates between the reacting core and an external 
heat, exchanger at a high temperature and high pres- 
sure. This prototype, operating at 1000 kw, has given 
valuable information on the temperature dependence 
and other features of chain-reacting systems oper- 
ating in hitherto unknown conditions. 

Many more of such novel reactor concepts are 
today in various stages of design, construction or 
experimental running. Future types of pure research 
reactors will no doubt be developed from many of 
these beginnings; at this stage, however, we cannot 
give them here more than a passing mention, espe- 
cially in view of the fact: that most of their details are 
classified because of their very novelty. 

4. FINAL CONSIDERATIONS AFFECTING 
THE CHOICE 

4.1 Correlation with the Intended Programme 

The institution may be ambitious and aim at the 
highest flux obtainable within the available budget, 
space and safety limitations; in such a case the re- 
search programme will be determined by the possi- 
bilities offered by that particular flux. Or, on the 
contrary, it may happen that the programme, whether 
limited or ambitious, is set beforehand and the flux 
value is chosen accordingly. In both cases the follow- 
ing brief summary of the flux-programme correlation 
will be valid: 

At lowest fluxes (say, below 10 lo ), the reactor should 
be considered frankly as a zero pile, that is as one 
which requires neither protective shielding nor special 
precautions in approaching its components after shut- 
down. This accessibility makes it useful for such pur- 
poses as: teaching; demonstrations and studies of the 
chain reaction mechanism; study of the effect of un- 
usual devices (cooling channels, controls, etc.) on 
reactivity; study of ingredients and lattices; study of 
the nuclear purity of materials; experimentation with 
various types of controls, reflectors and shields. As a 
source of neutrons, the "zero" power reactor can be 
used for studies of propagation and absorption of 
neutrons in bulky material assemblies, for instance for 
specimens of uraniferous media intended as cores for 
other types of reactors. On the whole, a lowest-flux 
reactor is either an object of study in itself or a step 
towards the design of a higher-power reactor; it is of 
small value as a tool for other domains of research. It 
can however produce some selected types of radio- 
isotopes in quantities at least sufficient to offer an 
initiation to this domain of research. 

At medium-low fluxes (lower or higher than 10 11 by a 
small factor) shielding becomes necessary and the core 
is no longer easily approachable; some of the advan- 
tages of the zero-power reactor therefore disappear. 
Value as a tool, however, becomes appreciable first of 
all in biological research (where too intense a radiation 
is simply crudely destructive) ; also in many branches 
of radiochemistry and solid state research. Physical 
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research has already been carried on at low iluxes for 
more than a decade and the main interest has shifted 
towards phenomena revealed at higher fluxes. Finally 
as sources of locally produced radioactive substances 
the medium-low powered reactors can be quite useful; 
in fact, for many kinds of isotope production fluxes 
beyond 10 12 are simply unnecessary. In this connec- 
tion we may note that about 70% of all radioactive 
species are short-lived enough to require the produc- 
tion on the spot. On the whole, the scientific resources 
offered by such reactors can be compared to those 
offered by a small flame for the study of heat or light: 
the more original the approach, the smaller may be 
the need for a stronger source. 

The "normal research flux" at present is situated, 
within a small factor, around M X 10 13 (and possibly 
closer to H) 13 in a rather near future). This is the flux 
afforded not only by the modern enrichcd-fuel types 
such as the Water Boiler and the Swimming Pool, but 
also by the older and more laborious solutions on the 
lines of the Harwell, Saclay and Brookhaven reactors. 
They are most suitable for nearly all research items 
listed in Chapter T with the exception of those men- 
tioned above as proper for the lowest. -flux reactors and 
those belonging to the highest-flux domain. 

This latter, beginning at. ready 1C) 14 , can at present 
be approached only with the help of MTK; in the near 
future a few more research reactors either D 2 O or H 2 O 
moderated will come close to this region. It is already 
obvious that some types of radiation damage essential 
for the technology of future industrial atomic plants, 
can be studied only in this way. This may also be true 
of many other chemical and metallurgical problems. 
As research tools, highest-flux reactors will, therefore, 
be necessary chiefly in testing stations and tech- 
nological, rather than purely scientific, institutions. 

This situation may change; scientific work has al- 
ready been started on subjects for which quite defi- 
nitely the most intense tools are just good enough. 
This is particularly true of " higher-order phenomena," 
where the original intense source produces a substance 
or an effect which, in its turn, is used as source or 
source material for the investigated phenomenon (ex- 
amples: research on heaviest transuranic elements; 
neutron optics involving several successive interactions 
with matter). The "normal" research domain may 
yet shift towards these higher fluxes; in the meantime 
the necessities of shielding, of precautions against 
radioactivation of apparatus, etc., make the highest 
fluxes a nuisance rather than a boon for most current 
types of research. The high running cost of a highest- 
flux reactor may also become an obstacle to its general- 
ized use. 

So far we have only compared reactors to other re- 
actors, but. the relative claims of other kinds of re- 
search tools should be considered as well. We may 
state without hesitation that, as a single tool capable 
of keeping a great number of research teams busy on a 
widely-varied programme, the normal-flux research 
reactor is without rival. The situation is somewhat 
different for a physical laboratory which considers 



building a reactor with a lower flux, or with a narrower 
programme in view (for example, for beam physics 
only). Such a tool is intrinsically not more valuable 
than a particle accelerator of a comparable cost. Since 
both reactors and accelerators can be used in a certain 
common domain comprising some lower-energy nu- 
clear physics and the effects of radiation on matter, the 
choice is sometimes difficult to make on pure principle. 
The practical advantages of a reactor are: a higher 
intensity; the possibility of accommodating many 
experiments at the same time; easy operation and 
fewer stoppages. Against t his, the accelerators offer: a 
more specifically quantitative action (constant and 
monochromatic radiation, as in precision Van de 
Graaff generators); a greater selectivity (radiation of 
only one kind, if desired; important in biophysics) and, 
finally, greater ease in chargcd-particle physics, as 
opposed to neutron physics (and for neutron-deficient, 
as opposed to neutron-excessive isotopes). As a tool 
for advanced and highly specialized physical research, 
for an institution working on a small budget, a cheap 
accelerator may prove to be a better investment than 
a cheap reactor. In most other cases, reactors will 
probably come first (with accelerators to supplement 
them;, in an increasing measure as the atomic age 
advances, 

4.2 Safety Considerations 

Safety precautions needed in connection with the 
operation of a research reactor have to be considered 
from two different points of view: major risks in case 
of an accident, and minor risks resulting from the 
normal running. 

Even in the less informed circles, it is fully realized 
nowadays that no research reactor resembles, even 
remotely, an atomic bomb. Exclusion of the possi- 
bility of a nuclear explosion does not, however, mean 
that explosions of what may be broadly termed 
"thermoelastic" type are unthinkable. Some research 
reactors contain, after all, hot or compressed fluids 
which make them a priori comparable to steam engines 
and boilers. If by mishap such a system runs wild, 
violent dislocation may occur. 

With a proper design of the reactor it is possible to 
guarantee that, as a result of even the worst thinkable 
accident, blast damage will be limited only to the 
reactor itself, its building and a very small adjacent 
area. The " perimeter of unsafely" cannot however be 
based on this consideration alone, since even in a fairly 
unviolent accident fuel elements may be broken and 
their contents dispersed. The sudden spread of a cloud 
charged with radioactive dust, vapour and gas con- 
stitutes a very serious danger to a far wider area than 
that threatened with blast. The design of the reactor 
may be such that it would be unreasonable to exclude 
the possibility of such an accident. In that case all 
reasonable precautions must be taken to minimize the 
casualty rate among the operating personnel and, on 
the other hand, all other activities and occasions for 
sojourn (such as places of dwelling or work) must be 
excluded from a reasonably-estimated wide area. 
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The American Atomic Energy Commission has 
adopted this point of view for many large-power re- 
actors. The assumption was made that one-half of the 
total mass of radioactive products accumulated in the 
reactor would escape and, on this basis, the radius of 
the excluded area is equal, in miles, to the square root 
of the total reactor power counted in tens of megawatts 
(example: for a IOC) kw reactor power = Hoo> there- 
fore radius of danger area = Mo m ^ e or 176 yards). 
For a 1000 kw reactor, the diameter of the excluded 
area is very nearly 1 kilometer. The area thus excluded 
is far bigger than that which was actually found 
dangerously contaminated after the worst mishap 
which has, so far, happened in reactor history; the 
Chalk River accident of 1952. Even that accident 
should, however, be considered as comparatively 
mild compared to what might have happened in the 
worst possible case. 

Since very few educational and research institutions 
can afford to evacuate the vicinity of their research 
reactors permanently and on so wide a scale, safety 
has to be ensured in some other way. It is always 
possible to design a research reactor so as to minimize: 

(a) The risk of a runaway rise in power by choos- 
ing a "self-stabilizing" system, that is, a material 
system in which a sudden increase in heating produces 
effects capable of stopping the nuclear reaction. A 
properly designed system of ad hoc safety devices and 
brakes also can be very effective. 

(b) The risk of a violent dislocation in the case of 
such a runaway, by giving preference to designs 
which avoid the use of high temperatures, pressures 
and mechanical stresses; 

(c) The risk of radioactive dispersal by enclosing 
the reacting system in tight metallic envelopes or 
great bulks of water or concrete. (In at least one case 
the reactor building- that of "CP5" maintained at 
a slightly iower-than-outside atmospheric pressure in 
order to minimize outward leakage risks). 

The most current research reactor types -the 
Water Boiler and the Swimming Pool- -are all very 
satisfactory from this point of view. In one particu- 
larly safety-conscious project (University of Michi- 
gan) it was found possible, after a careful study, to 
install a 1000 kw reactor within 500 feet of a great 
variety of university buildings. For the higher- power 
research reactors the demand on inherent safety will 
be increased (in this respect D 2 O moderated designs 
present an advantage), but it may well happen that 
for the future highest-in-the-world fluxes (which may 
require designs incompatible with maximum inherent 
safety) it will be necessary to adopt the above-calcu- 
lated exclusion areas without any mitigation; this 
already has been done for the MTR. 

Quite apart from the possibility of an accident, the 
normal operation of a research reactor introduces 
many safety problems. Since the necessary precau- 
tions are the same for all kinds of reactors except the 
lower-power ones, they weigh little in the balance of 
arguments for and against a given type of reactor. 
It will be enough to recall that an institution contem-* 



plating reactor research will have to provide: 

(a) A vast array of radiation-monitoring apparatus 
(counters, ionization chambers, film badges, etc.). 

(b) Monitoring and health-safeguarding personnel 
comprising at least one full-time health physicist. 

(c) Clothing, premises and containers for handling 
of radioactive material and waste. 

(d) An elaborate set of rules for everyday behaviour 
and for periodic drill, which have to be followed by 
reactor operators and engineers, and by scientific 
workers using the facilities afforded by the reactor. 

(e) A safety council, on the highest management 
level and vested with full enforcing powers, to see 
that the rules are applied and adapted as the changing 
conditions may require. 

On the whole it can be said that the pedestrian ques- 
tion of safety in everyday operation requires rather 
more attention (from those responsible for the man- 
agement of the institution), than the spectacular risks 
connected with the possibility of an accident. It also 
should be understood that all this safety materiel and 
routine constitute a sizable friction of the running 
costs of a research reactor, and that if the institution 
is too small to afford them on a normal scale, this 
consideration may point towards the adoption of a 
low-power reactor. 

4.3 Some Remarks on the Buildings 
for Research Reactors 

The amount of lloor space occupied by the reaclor 
itself and by the experimental apparatus around it, is 
of the order of a few hundred square meters. As 
already stated, this lloor must be suitable for sup- 
porting heavy loads. Height must be sufficient for 
some vertical manipulations (experimental apparatus 
and, in some types, fuel elements) and an overhead 
crane will always be necessary. 

Existing buildings can sometimes be found to fill 
these specifications; the first Harwell reactors were 
erected in big hangars originally built for aircraft. 
The Naval Research Laboratory (Washington) found 
a warehouse (total floor space slightly over 1000 m 2 
height 10J^ m) to house its (probably uncooled) 
Swimming Pool and its auxiliary laboratories. 

Several-story height is usually preferred with a 
great central hall and, sometimes, balcony-like rooms 
and booths for auxiliary services. A typical recent 
design, given in the "ORR" project, roughly approxi- 
mates a cube with a 25-meter side (including the base- 
ment). Factory-type construction, with a steel frame 
and brick or concrete walls, is quite adequate. 

The original tendency towards very big halls t seems 
to be tempered, in some modern designs, by the safety 
preoccupations. The CP5 hall, with its sealed-off 
atmosphere, already mentioned, has only 350 m 2 of 
floor area and it seems that the main hall of E443 will 
be even smaller; this means a greater degree of sepa- 
ration between the reactor itself and its auxiliary 
rooms. The same solution was adopted in Sweden, 

J Partly due to the great bulk of the early research reactors, 
using natural uranium. 
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whose 300 kw research reactor was built in a deep 
excavation with a carefully calculated economy of 
floor space. 

Cooling machinery finds its natural place in the 
basement under the reactor. For air and gas-cooled 
reactors, such as Harwell or Saclay, separate out- 
houses or halls are necessary to house the blowing 
machinery. Disposal and handling of radioactive 
materials may require separate structures such as 
deactivation tanks or chimney stacks. 

In several published detailed estimates, the cost of 
the building amounts to, roughly, 20% of the total 
project budget. This proportion was probably some- 
what lower in the older reactors, in which the cost of 
the ingredients (fuel and moderator) was relatively 
higher. 

4.4 Costs 

An institution embarking on a research reactor 
project has to consider seriously the questions of 
cost, and yet if an attempt is made to compile cost 
data from the published literature, a contradictory 
picture is likely to result. It might be thought that 
projects already completed, with their full financial 
history, should afford a reliable basis for future esti- 
mates; in fact, figures referring to a given project may 
be presented in a wide variety of ways, according to 
the bookkeeping conventions adopted consciously or 
(often) unconsciously. No standardized interpretation 
of the published figures hus, as yet, gained currency. 

A postfactum indication of what a given reactor has 
cost may be too low if it has failed to take into account 
such "free" items as the price of ground (the reactor 
may have been built on a reserve piece of ground be- 
longing to the institution); administrative overhead; 
cooperation of scientific staff and of technical experts 
who have been " lent " to the project and in fact, owing 
to its greater urgency, tended to neglect for a while 
their other duties; miscellaneous supplies granted free 
or at reduced prices, from governmental or private 
sources connected in any way with the project. (This 
last category often includes the fuel). Such a subjec- 
tive approach to accounting will result in an indication 
of the minimum sum on which the institution should 
be able to count, in addition to its normal resources. 

An attempt at a comprehensive accounting may, on 
the contrary, reflect some special difficulties en- 
countered by the project and not likely to recur in the 
future. Development costs, for instance, may be 
heavy in a pioneering project and less heavy in a sub- 
sequent imitation. The cost of rare ingredients (heavy 
water, processed fuel) may show a tendency to de- 
crease. Contracting firms may reduce their margins, as 
their experience grows. For all these reasons the com- 
prehensive cost indications may sometimes lead to 
excessive estimates. 

The orders of magnitude estimated below represent 
a compromise between many contradictory indications 
found in the literature. An attempt was made to quote 



reasonably comprehensive figures; we feel that they 
may seem exaggerated to those accustomed to a more 
streamlined budgetary presentation. 

A low-power reactor can be built nowadays on a 
budget of not more than $100,000 if enriched fuel is 
available (with natural uranium, the minimum 
amount of ingredients will cost many times that sum). 
This cheapness is due to the absence of heavy engi- 
neering (no cooling, very little or no shielding); no 
special building is necessary either. 

Water-boiler, flux above 10 12 : $400,000. 

Swimming pool, flux 10 14 , elaborate shielding: 
$800,000. 

Elaborate research reactors giving many times 10 18 
(modern types, D 2 O- or H 2 O-cooled and moderated): 
$4 to 5 million. 

It is interesting to compare these total costs with 
that of the enriched fuel; according to the published 
data, U 235 can be counted at about $20 or $25 per 
gram. The cost of 1 to 3 kilograms invested in a 
modern research reactor cannot, therefore constitute 
a major item. 

Any formula attempting to link the cost to the flux 
should contain a fixed term and a flux-dependent 
term (not necessarily simply proportional). Both an 
obsolescent design and a design on the limit of the 
up-to-date engineering possibilities (as in MTR) lead 
to a heavy additional cost. For older reactors, indica- 
tions found in literature often fall into the range of 
about $10 million (say, 5 to 20). Graphite-and-natural 
U reactors require a heavy initial investment in fuel, 
and their great size is reflected in the size and cost of 
the supporting engineering. Heavy- water-and-natural 
U reactors are more compact, but this is compensated 
by the high cost of the moderator. In both cases cool- 
ing is expensive both as regards the initial investment 
in machinery (and its housing) and the motive power. 

Running costs, even more than investment costs, 
depend on the bookkeeping conventions and on the 
lavishness (or otherwise) which the institution is pre- 
pared to bestow on its reactor project. From the very 
scanty numerical data available in literature, the fol- 
lowing rough indications can be deduced. 

Operation and maintenance of a medium-flux uni- 
versity reactor (around 10 12 ): up to $100,000 per year 
(mobile equipment and personnel for the perform- 
ance of experiments as distinct from operation not 
included). 

Operation and maintenance of a somewhat more 
powerful facility, run round the clock or nearly, by a 
specialized personnel: around $200,000 per year. 

At highest fluxes the cost of fuel and of heat re- 
moval becomes very important. The running cost, in 
present conditions, may reach the million-dollar-a- 
year range for a facility offering fluxes beyond 10 14 . 
This heavy cost, as we have already mentioned, puts 
a limit on the use of highest-flux reactors in research 
institutions and makes more attractive, for most pur- 
poses, the use of somewhat less powerful types. 
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In this paper I shall concern myself with the scien- 
tific rather than the engineering aspects of nuclear re- 
actors. This still leaves such a broad range of subject 
matter that I will proceed forthwith to shed large 
parts of it by pointing out that medical and radio- 
active tracer work are covered in other sessions of the 
Conference, and so indeed are many other scientific 
uses of the products of reactors. I believe that I can 
be most useful in this session if I speak mainly about 
the direct use of reactors in research, be it chemical, 
physical or biological, but omitting the therapeutic. 
In I he pressure of time 1 have rather naturally used 
examples close to my own experience, and I am aware 
that this may make my paper regrettably provincial. 
My only hope is that speakers from other places will 
have found themselves under similar time difficulties, 
so that they may be equally provincial, and the 
whole thing will average out in the wide range of the 
Conference. 

If we turn our attention first to chemistry, the first 
thing that strikes us, so strongly that it cannot be 
ignored, is the fact that reactors have given us a 
dozen new elements to play with. One of these, tech- 
netium, has certainly already been created by the 
pound, but it is still mixed with other fission products. 
Presumably separation will some day be undertaken, 
and it will be amusing to see what the bulk physical 
properties of the metal will be. It is probable that all 
isotopes of technetium are radioactive; naturally oc- 
curring terrestrial technetium has been sought but. not 
found. 1 The optical spectrum is known from reactor- 
produced material, and surprisingly enough this spec- 
trum is prominently displayed by some of the S-type 
variable stars. 2 Here is an observation that will have 
to be taken into account by theories of stellar evolu- 
tion. Meanwhile, we should keep our eyes open for 
like revelations with respect to other new elements. 

There is a whole wide range of work that is con- 
cerned with the rearrangements of atoms and radicals 
under the effect of radiation. Part of this is called ra- 
diation chemistry, and in its low-energy aspects radi- 
ation chemistry merges into photochemistry. Atten- 
tion is focussed primarily upon chemical changes that 
result from the electronic excitation of molecules. In 
radiation chemistry, the reactor is actually not a good 
radiation source. The mixture of fast and slow neu- 
trons, gamma rays and fast and slow electrons in the 
sample placed in a reactor often beclouds the issues 

* Oak Ridge National Laboratory. 
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under test, and in addition one has the nuisance of 
induced radioactivity to make the measurements more 
difficult. In fundamental studies of this kind, one can 
usually set up cleaner experimentation by using a co- 
balt gamma-ray source, an X-ray machine, or an elec- 
tron accelerator. Then you can control the quality 
and quantity of your dosage accurately, and subse- 
quently make ordinary laboratory measurements 
without worrying about mirrors, periscopes and 
shields. 

In its high-energy aspects, ^adiation chemistry be- 
comes "hot atom" chemistry. Here one is concerned 
not with free atoms or radicals that have energies 
just a few electron volts above the binding energies in 
molecules, but rather atoms and radicals that have 
acquired perhaps hundreds of electron-volts of en- 
ergy, for example as the result of elastic collisions with 
fast nuclcons, or recoil from nuclear emission. The 
interest is centered on flying atoms rather than elec- 
tronic excitation. The hot atoms are slowed down in 
the material surrounding them, and the hot atom 
chemists are interested in their ultimate fate under 
various conditions. After slowing down, the final stages 
of energy loss probably are concerned with electronic 
de-excitation, and this is where hot atom chemistry 
merges into radiation chemistry. Reactors are involved 
in hot atom work because of the intimate connection 
of this subject with the Szilard-Chalmers reaction 
process. The interest here is two-fold. On the one 
hand, the Szilard-Chalmers reaction not only pro- 
duces the hot atom through recoil from the emission 
of the capture gamma rays, but it rather neatly tags 
the hot atom at the same time, so it can help in the 
understanding of the hot atom processes. For ex- 
ample, in the reaction 

C 2 H 6 Br + Br* (hot) - C,H B Br* + Br 

one can measure how many hot atoms later recom- 
bine into the parent substance, a determination which 
would be impossible without the simultaneous radio- 
active tagging. High neutron intensities in reactors 
are not required for much of this work. 

The other reactor interest in the mechanics of 
Szilard-Chalmers reactions lies in the practical de- 
mand toward improving the specific activity of (n,y)- 
produced radioisotopes. Quite a lot of work has been 
done in this direction, and each element has its own 
problems. My impression is that the general results 
have been disappointing. The usual attack has been 
to irradiate the desired material in some organic form, 
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and to collect by means of an inorganic extraction. 
In reactors there seems to be so much radiation de- 
composition of the organic material that the activated 
atoms are not the only ones thrown out of the organic 
molecules, and the equilibrium state is such that 
the Szilard-Chalmers enrichment is rather small. The 
higher the neutron flux, the lower is the pay-off. In- 
organic separations have also been studied; for ex- 
ample, in separating activated bromide from irradi- 
ated bromate in solid form, enrichments by 20,000 
have been obtained for short irradiations* but when 
one activates for a half-life of the 36-hour bromine-82, 
the enrichment decreases markedly. For other ele- 
ments there may be other tricks that can be used, so 
let us hope that some of them will be successful, be- 
cause high specific activity from (^,7) products re- 
mains a very desirable goal. 

Radiation effects in polymer chemistry are not far 
removed from these subjects. Everybody knows that 
reactor irradiation hardens polyethylene. In other 
plastics the results are often deleterious. In some cases 
the molecular chains are merely broken down, and in 
others strength is improved by the induction of cross- 
linkages. There is work to be done in the understand- 
ing of these effects, and the applied interest is obvious. 
The discussion of atonrc displacement: leads us 
finally to a consideration of the physical effects of 
reactor radiation in solids. This field so far has been 
little appropriated by the chemists, and is still called 
solid state physics. 

The theory of crystalline solids, founded theoreti- 
cally upon the wave mechanics of periodic lattices and 
experimentally so largely upon the classical observa- 
tions on coloration in alkali halide crystals, has been 
corroborated and enlarged with a great enrichment of 
detail through the study of reactor radiation effects. 
Measurements with semiconductors have shown the 
conversion of n- and /-type materials through the 
effects of elastic collisions in producing displacements, 
and also conversion through the volume effect of 
atomic transmutation. A recent example of the latter 
concerns the bombardment of indium antimonide 4 in 
which neutron capture in the indium produced tin as 
a donor impurity, and changed the material from a 
/>-type to an w-type semi-conductor. Coloration in 
quartz, introduced quickly by reactor radiations, has 
been found to fade slowly under prolonged bombard- 
ment. 6 Another interesting observation is that when 
diamonds are subjected to neutron irradiation, a set 
of new lines appears in the paramagnetic resonance 
spectrum as observed by microwave methods. These 
new lines do not result from X-ray irradiation. The 
lines are non-isotropic with respect to the crystal di- 
rections. They are non-annealing, and appear to come 
from interstitial atoms linked in pairs. 6 

One experiment may exemplify the uniqueness of 
the radiation damage approach in understanding 
metals. A typical stress-strain diagram is given for a 
copper single crystal in the lower curve of Fig. I. 7 
In the upper curve, the similar curve is shown for a 
crystal that has been radiation-hardened. The radia- 
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Figure 1. Stress-strain curves of copper crystals 

lion hardening is known to be akin to alloy-hardening 
rather thai, to work-hardening, because (for one thing) 
after irradiation the crystal structure remains un- 
changed as indicated by X-ray diffraction. The hard- 
ening effect of the radiation is presumed to be con- 
nected with the migration of interstitial atoms to the 
regions of dislocation, where they serve as interlock- 
ing agents and restrain the dislocations against slip- 
page. The initial high point at the upper yield point 
and the slight dip following it are presumed to origi- 
nate in events at impurity centers, whereby the im- 
purity center is surrounded by a cloud of interstitial 
atoms that have migrated to it, such that some extra 
stress is required to make the impurity center break 
loose and move through the metal. After this barrier 
has been overcome, the metal yields freely for a while 
as the impurity centers move. These migratory mech- 
anisms are now under investigation in a conceptually 
simple but experimentally complicated way, in which 
the sample is kept at low temperature (20K) during 
irradiation in the reactor. This should inhibit the mi- 
gration of interstitials and thereby prevent radiation 
hardening so long as the sample is kept cold. On 
warm-up the interstitials can be expected to migrate, 
and if the above picture is correct the sample should 
harden after it gets to room temperature. Clearly the 
migration rates are capable of study in an experiment 
of this kind, and it is clear also that this kind of ex- 
periment could not have been done using alloys in- 
stead of radiation to provide the interstitials. It is also 
clear that fast neutron irradiation has been almost 
uniquely useful in providing uniform radiation 
through the body of the material; similar experi- 
ments carried out with charged particle beams would 
require thin-film targets and might be complicated by 
annealing effects from the local heating. 

Many of the radiation effects in metals result from 
increased diffusion rates accompanying the introduc- 
tion of vacancies. 
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Returning to chemistry again, there is another as- 
pect in which the reactor is directly used, and that is 
analysis by neutron activation. The neutron capture 
cross sections and characteristics of the induced ac- 
tivity have to be in convenient ranges, but nearly 
thirty elements lend themselves to ultrasensitive de- 
tection by this means. As an example of the sensitiv- 
ity attainable, I have stolen a few typical figures from 
a Harwell report (Table l). s The figures apply to ac- 
tivation in a flux of 10 12 neutrons per cm 2 per sec, and 
you will note that miliionths of micrograms can be 
determined in the more favorable cases. 

One of the neat things about this kind of analysis 
for very small traces is that chemical manipulations 
are made after activation, so one need not worry about 
extreme purity of reagents. However, there are some 
restrictions peculiar to the method. For example, there 
is no point in analyzing for arsenic through the As 76 
activity if selenium and bromine are also present, be- 
cause they also can make As 76 through the (n,p) and 
(n,a) reactions. So the methods of activation analysis 
have to be used with the awareness of pitfalls. The 
dangers of these troubles obviously increase if more 
sensitivity is sought by using higher neutron flux, and 
pre-contamination also becomes a proportionately 
greater hazard. Nevertheless, I have enough faith in 
the ingenuity of chemists to feel that they can get 
around various difficulties and push the sensitivity to 
even lower limits when they really want to do so. 

Neutron activation analysis has been applied to a 
host of varied determinations: copper in aluminum, 
vanadium in oil, arsenic in hair, and gallium in me- 
teorites, to mention only a few. Techniques will vary 
with the application; in one determination of arsenic 
in beans, for example, pre-contamination was fore- 
stalled by not opening the pods until the activation 
was finished. t 

Table 1. Sensitivity of Neutron Activation Analysis 
under Reactor Flux of 10 12 n/cm 2 /sec 



Radioactive product 



Element 



Identity 



Half-life 



Sensitivity of detection 
(mitroRrams) 



Europium 
Gold 


Eu 1M 
Au lM 


9.2hr 
2.7<1 


1.2 X 10* 
1.1 X 10-* 


Cobalt - 
Vanadium 


Co 80 
V" 


5.3yr 
3.9 min 


1.5 X 10- 
6.2 X 10" 


Arsenic 


As" 


26.8hr 


1 . 1 X 10"* 


Gallium 


Ga 


H.lhr 


3.1 X 10-< 



In nuclear physics experimentation, the reactor 
serves as a source of slow neutrons par excellence, but 
it has shortcomings in fast neutron work because of 
the very broad energy spectrum. In between, that is, 
in the range of units to hundreds of electron-volts, 
mechanical velocity selectors are either operating or 
are planned in nearly all countries possessing reactors, 

t In the United States, neutron activation analysis has been 
organized as a service which can be obtained, for a fee, from the 
Oak Ridge National Laboratory through the Isotopes Division, 
of the Atomic Energy Commission. 



and the statistical work of measuring the widths, 
peak cross sections, and mean spacings of many reso- 
nances for comparison with various nuclear models is 
at present such a live subject as to comprise an ex- 
tensive section of this Conference. I do not want to 
state that this kind of work is limited to reactors, be- 
cause pulsed electromagnetic machines are becoming 
increasingly adapted to time-of-flight work, and they 
will probably outperform the rotating beam choppers 
before long so far as resolution and energy range are 
concerned. The choppers have one advantage which 
will probably remain for a while: they use such a small 
sample in the transmission cell that work with sep- 
arated isotopes has been commonplace for some years 
now, whereas the pulsed accelerators still demand 
hundred-gram samples. Choppers will be able to work 
with radioactive samples, as has already been done 
with Xe m 4 

The measurement of the radioactive decay of the 
neutron is a fundamental experiment that was lifted 
by the advent of nuclear reactors from the category of 
very difficult to the category o* merely difficult. Angu- 
lar correlation measurements between beta particle 
and recoiling proton are now nearing completion. 9 
More and more work is needed on the absolute deter- 
mination of the half-life of the neutron, because of its 
central position relative to considerations about the 
universality of the Fermi interaction. More and more 
different people should measure this half-life by as 
many different methods as can be dreamed up. It's 
not an easy quantity to determine accurately- - 
I've tried it. 

Mention of the angular correlation experiments in 
beta decay suggests the helium-6 recoil experiment, 10 
in which the reactor was used to supply the required 
rather copious amount of the radioactive gas. You 
will recall the result that the tensor interaction was 
shown to prevail in beta decay processes involving 
Gamow-Teller transitions. A reactor supplied the 
radioactive gas for another recent neutrino recoil 
experiment, this one involving the electron-capture 
decay of argon-37. 11 Irradiation of about 100 grams 
of calcium oxide produced several curies of A 87 by the 
Ca 40 (n,a) reaction. This was sufficient to supply a 
pump-through experiment in which some of the gas 
was allowed to decay in a field-free volume at low 
pressure, with the result that an atomic beam of the 
recoils emerged from an aperture at one end. This 
beam was intense enough to be subjected to high- 
resolution spectrometry by magnetic deflection. (The 
recoils are charged because of Auger electron emis- 
sion.) No nuclear gamma rays are emitted by argon-37, 
so one expected the recoils to be monoenergetic, and 
indeed one could run over the recoil line just as one 
runs over a conversion line in ordinary beta ray 
spectrometry. The line given by the singly-charged 
recoils is shown in Fig. 2 (there are other lines given by 
multiply-charged recoils, up to and including 7-charged 



tSee S. Bernstein, E. C. Smith, et /., P/591, Volume 4, 
Session 16A2, these Proceedings. 
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ions), and the recoil energy is within one or two per 
cent just what would be expected from a two-body 
breakup in which the neutrino carries off the energy 
of the radioactive transition as previously known from 
other experimentation. Some of you may, like me, 
find this simple observation of neutrino emission par- 
ticularly satisfying and pictorial. Incidentally, the 
recoil line has a considerable natural width, which is 
accounted for entirely by thermal motion. Recoil 
determinations like those of He 6 and A 37 are examples 
of basic experiments that are aided by the abundant 
supply of reactor-produced radioiso topes. 

There remains the detection of the free neutrino - 
the relating of a detection effect here with a source 
effect there. As you all know, a spectacular experiment 
has been carried out with slightly positive results using 
a Hanford reactor as the neutrino source, 12 and this 
experiment is in the course of further evolution. 
Detection is by means of the reaction H + v * n 
+ 0+, with delayed coincidences between the annihi- 
lation of the positron and the capture of the neutron 
in boron or cadmium after moderation. The reactor 
is called upon to provide neutrinos in excess of the 
10 11 or so of solar neutrinos that pass through every 
square centimeter of the earth per second although 
admittedly these neutrinos may turn out to be of the 
wrong kind, and therefore be unable to interfere with 
the observations. The experiment sets records in half 
a dozen directions: in the size of the detector and its 
sensitivity, in the forcing of coincidence techniques 
to the utmost as a discrimination against background, 
and in the elaborateness of the physical arrangements 
and the shielding. To my mind, the most impressive 
aspect is the fact that cross sections of the order of 
10~ 44 cm 2 will probably be measured, whereas up to 
now cross sections like 10~ 33 cm 2 had been near the 
limit of detection; in other words, the experiment will 
be about 10 10 or 10 11 times more sensitive than any 
previously carried through. 

Another sensitive neutrino experiment 13 is based 
upon radiochemical detection of an inverse beta 
process first suggested some years ago 14 in exactly this 
connection. The reaction is the inverse of the argon-37 
electron capture, namely Cl 37 (v,e~) A 37 . The experi- 
ment involves the separation of A 37 from large volumes 
of carbon tetrachloride, and it has already been pushed 
to remarkable sensitivity. 

Would it not be fun if, once we get a slight grip on 
neutrino experimentation, methods can be worked up 
to improve detection efficiencies until neutrino meas- 
urements come pretty well within our grasp 1 Tt 
sounds like a wild thought, but the possibility of 
detecting neutrons must have seemed equally wild 
when Rutherford suggested their existence in 1920, 
and look how easy they are now 1 

There are a variety of fundamental nuclear quanti- 
ties that will require even more accurate measurement 
in the future, and reactors will be extensively used 
in the repeated re-measurement of such things as the 
electron-neutron interaction, the neutron-proton scat- 
tering lengths, and so on. Details of the fission 
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Figure 2. Singly-charged Cl 37 neutrino recoifa magnet set at 3713 hp 

process remain to be investigated with more and more 
refined techniques. The field of neutron diffraction, 
with its long-range and profound implications in the 
study of the magnetic structure of matter and in the 
crystallographic location of hydrogen atoms will not 
be pursued in this talk, inasmuch as more complete 
sessions on this subject are planned in this Conference. 
Let me add, however, that the recent theoretical 
work by Goodenough on superexchange in magnetic 
lattices, and the beautiful detailed experimental 
verification by Wollan and Koehler in neutron dif- 
fraction studies of perovskites will be worthy of the 
attention of people interested in this field. 

I have so far been waxing enthusiastic about the 
possibilities of reactors in physics and chemistry, but 
one should also use one's perspective in pointing out 
serious limitations. For example, in the manufacture 
of posit ron -emitting or electron-capturing radioiso- 
topes, the reactor is distinctly third-rate. A powerful 
cyclotron is in fact a much more versatile radioisotope 
source if variety is required. For fast neutron research, 
there is still nothing to equal an electrostatic genera- 
tor delivering a beam of protons onto a thin target of 
lithium, tritium or vanadium. In the manufacture of 
trans-uranic elements, the reactor will soon be sup- 
plemented if not supplanted by accelerators em- 
ploying multiply-charged heavy ions. On the other 
hand, reactors are sweet instruments to use because 
of their steadiness and their capability of supporting 
many simultaneous experiments. 

What are the features of a research reactor that 
make it especially adaptable to the many kinds of 
experimentation for which it is pre-eminent? First of 
all, the experimenters will call for a high neutron flux. 
Modern requirements call for 1C 14 neutrons per cm 2 
per second or better; certainly less than 10 18 is unde- 
sirably low. High flux is essential for chemical work 
involving multiple neutron capture, such as has 
helped lead us into the realm of the trans-uranic 
elements, and it is mighty useful for neutron beam 
work of all kinds. Simultaneously with demanding 
high flux, the experimenters will ask for a low radia- 
tion background around the reactor. Several neutron 
beam holes will be required; they are most convenient 
if horizontal, and collimators of varied design will be 
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Figure 3. The path of carbon in photosynthesis 



inserted by I he experimenters. (The beam hole liners 
should be straight and true; there is nothing worse 
than a beam hole slightly out of round, or one that has 
a little obstruction somewhere in its depths.) The 
requirement of easy insertion and removal of activa- 
tion samples is obvious. Whether or not to sacrifice 
beam hole space in favor of a thermal column can 
only be determined by the tastes and objectives of 
the experimental group. Finally, a rather strict operat- 
ing schedule helps in the long-run to keep everybody 
happy. 

The biologists have felt the disadvantages of the 
mixture of radiations accompanying direct exposure in 
reactors. My recollection is that for a few years fol- 
lowing the start-up of the Oak Ridge graphite reactor 
in 1943, many survey experiments were made by 
animal exposure to establish mortality curves, toler- 
ance levels and the like. After that, the interest con- 
cerning the action of radiation upon living cells became 
more detailed and basic, and the biologists retired 
from the reactor in favor of X-ray machines, cobalt 
gamma-ray sources, and D-l) accelerators as yielders 
of purer types of radiation. JVIaybe they will later 
return to the reactor, but it looks as if that will be 
some time in the future. It is in fact a little hard for 
me to point to basic biology in which a reactor is 
currently used directly. The bulk irradiation of seeds 
to induce mutations might be cited, following which 
one plants the seeds and hopefully looks for a few 
beneficial mutations. However, I don't believe the 
reactor has been shown to have unique advantages 
over X-ray or gamma sources in this application. 

Although the life-scientists may at present be re- 
luctant to use the reactor directly, they are certainly 
using its products! One has only to look at the tracer 
sessions of this Conference to see that, or else one can 
look at the record of the Oxford Conference on Isotope 
Techniques in 1951, and any amount of current litera- 
ture. Here I shall break my preliminary pledge not to - 
attempt descriptions of tracer researches in order to 



illustrate the 1955 status of one of the most important 
investigations along this line namely, that of photo- 
synthesis. For this purpose I have filched a figure 
from a Berkeley report, 16 showing the path of carbon 
in photosynthesis (Fig. 3). This work was made possi- 
ble mostly by the abundance of reactor-produced 
carbon-14. The carbon dioxide and water come to- 
gether at the upper left, and under the action of light 
they enter into a most complicated mixture of cycles 
within cycles, yielding sugar (upper right) in some 
way that is not entirely apparent from the figure. (If 
you jump to the conclusion from the manner in which 
I discuss this topic that I don't know any biochem- 
istry, you will be entirely right.) An important tech- 
nique used to arrive at the design of this cycle was to 
introduce the carbon-14 in the CO 2 atmosphere 
around the plant, and then irradiate with light for 
only a short time. This, so to speak, started a wave of 
radioactive carbon into the cycle, and by examining 
the material at various subsequent times by the rapid 
methods of paper chromatography, one could identify 
the subsequent molecules roughly in the order of their 
appearance. The situation is probably even more com- 
plicated than is indicated in the figure, for a respira- 
tory cycle (not shown) parallels the photosynthetic 
cycle, and the two have to some extent common paths. 
Looking at the complexity of the process, one is led 
to wonder whether nature has actually chosen the 
most efficient way of using the energy of sunlight. 
Maybe the average cabbage plant is not making the 
best use of its daylight hours, and when we have fuller 
knowledge and more perspective about photosynthesis 
and related processes, we can show the cabbage plant 
how it can grow into a s^er cabbage plant. Such an 
accomplishment would not only redound to the pride 
of the housewife when she serves cabbage for dinner, 
but it might hold out important hope for many people 
of the world who would like to have cabbage for din- 
ner, but just don't have any at all. 

If this superficial survey of the reactor in basic sci- 
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ence has been a rambling one, the reason is that reac- 
tors have had and will continue to have far-reaching 
influences in many directions. We have touched on 
variable stars and polymers and neutrinos and I will 
leave you in the cabbage patch. I believe the journey 
has just begun. 
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Research Reactors 

By E. Bretscher, J. V. Dunworth, H. J. Grout, G. J. Neary, and J. Wright,* UK 



There has been published recently by the US AEC a 
very comprehensive account of research reactors 
(AECU-2900) and in addition there is to be presented 
to this conference, by Dr. Kowarski on behalf of 
UNESCO, a lengthy document which will take ac- 
count not only of U.S. work but some of that in other 
countries. The present authors have had discussions 
with Dr. Kowarski on this paper. 

Perhaps the first important point to note is that 
unlike the case of a power reactor there is no true 
economic basis on which to judge the merits of a 
research reactor since it is almost impossible to make 
precise calculations on the value to be attached to its 
facilities. In fact the nature of the facilities must 
depend to a very considerable extent on the location 
of the reactor and on the requirements of the potential 
user. A further point to bear in mind is that in some 
cases and, in particular in a University, a research 
reactor may be used for only 40 to 50 hours a week 
at the most. In this case low capital cost is likely to be 
a deciding factor. In the case of a reactor which is 
operating at high flux for an industrial or Government 
atomic energy authority it may well be that operating 
costs per annum can approach 50% of the total capital 
cost. In this case operating costs are clearly dominant. 
A further consideration is that there may be in certain 
cases a need for reactors which normally operate at 
low flux but which could operate at high llux for a 
very short time. No attempt will be made to draw any 
detailed conclusions on these points but they are 
worth noting. 

It is one of the features of nuclear power that a 
great deal of information is required which can be 
obtained only from an experimental research reactor. 
Most of the nuclear constants necessary to evaluate 
reactor calculations have been obtained with the help 
of neutron beams from a pile, and little can be done on 
radiation effects on materials without the large fast 
fluxes available in a fairly high power research reactor. 
The chemistry of the all important transuranium 
elements could only be established after reactor pro- 
duced specimens of these elements had been made 
available. 

It has been clear for some time that one reactor is 
not suitable for all the above-mentioned tasks. The 
nuclear physicist requires undisputed access to high 
flux thermal and epithermal neutron beams, if possible 
without disturbance due to other work going on; the 
reactor engineer will wish to have many experimental 
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loops in the reactor, so as to enable him to collect 
design information in the shortest possible time. As a 
rule his space requirements are very considerable, 
leading to special design problems. Metallurgists 
again depend on large facilities with enough space for 
temperature control of the samples, high fast neutron 
flux and large irradiation doses. If more advanced 
reactor information on shielding is required it is almost 
certain that a reactor has to be devoted to these prob- 
lems. Though few reactors have been known to be 
built specially for biological wirk, it is well to con- 
sider the conditions which determine these particular 
features. 

In view of the diversity of requirements by the 
various users, some indication as to what is wanted 
will be given below. 

NEUTRON PHYSICS RESEARCH 

The nuclear physicist, is mostly interested in neu- 
tron beams coming from a radiator placed in the centre 
of the reactor. Almost all experimental arrangements 
profit from a high flux. Below are listed the most 
frequent uses of pile neutron beams at the moment: 

(a) Time of flight experiments for the determination 
of nuclear data. 

(b) Neutron diffraction work for investigation of 
lattice arrangements in crystals. Here high flux allows 
one to preselect a wavelength with a suitable crystal 
acting as monochromator and using the beam thus 
obtained much as the characteristic radiation from a 
suitable X-ray target. 

(c) Monochromatisation with a crystal such as LiF, 
CaF 2 , Be to obtain monoenergetic neutrons for nuclear 
studies or cold neutrons from filters. 

(d) Free neutron beams for the study of neutron 
decay. 

(e) Neutron total reflection from surfaces. 

(/) Neutron capture gamma rays in various 
materials. 

(g) Source of fission neutrons with the help of en- 
riched materials. 

With slightly enriched uranium a heavy- water or a 
light-water moderated reactor is of advantage as com- 
pared to a graphite pile, as for the same power the 
central flux is larger and the distance of the neutron 
radiator in the channel to the working point of the 
apparatus (rotor slit in a, crystal in b and c) is smaller. 
It is, however, generally easier to provide a large 
number of channels to the core in a graphite pile than 
in a liquid moderated system. 
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Since many uses of neutron beams involve intensity 
measurements, it is necessary to avoid interference by 
control rods or highly absorbing samples placed in 
the reactor by other users as they may alter the local 
flux at the neutron radiator, whilst the total pile 
power is kept constant. Similar intensity disturbances 
have been observed where a channel goes through the 
centre and alterations are made in the opposite half 
of it. It is therefore from the experimental point of 
view essential and borne out in practice that the 
number of pile users should be restricted to avoid 
mutual disturbances. 

The pile has in the past become a useful instrument 
as a pile oscillator to measure absorption cross sec- 
tions, assay moderator materials for neutron absorp- 
tion on a routine basis, calibrate neutron sources. 
Here the graphite pile has a definite advantage as its 
temperature coefficient is low when compared to that 
of a liquid moderated reactor. In addition, the neutron 
production through the photoeffect in deuterium 
causes complications which make the heavy-water pile 
oscillator an unattractive tool as its performance de- 
pends also on its previous history, and its useful 
sensitivity is low (unless the pile is run permanently 
at very low flux of about 10 9 or less). 

SOLID STATE PHYSICS RESEARCH 

Many different kinds of radiation are capable of 
displacing atoms in crystalline solids to produce inter- 
stitial atoms and vacancies, and the study of these 
lattice defects is of great interest to the solid state 
physicist. 

Although fast neutron irradiations are easy to carry 
out experimentally, since large specimens can be used 
and there is little generation of heat in the specimens, 
fast neutron collisions introduce groups of displaced 
atoms and vacancies, and it is not usually very easy 
to calculate the number and distribution of defects in 
these groups. The electrical properties of semi-con- 
ductors are among the most sensitive to the presence 
of lattice defects, and large changes can be observed 
after short irradiations in fast neutron fluxes of 10 1 
to 1C 11 cmr 2 sec" 1 ; similar concentrations of defects 
can be introduced by charged particle irradiations 
and the numbers and distributions of defects are more 
susceptible to calculation. Such sensitive properties 
are not, however, common and it is often desirable to 
be able to investigate simultaneously the changes in 
many physical properties (density, stored energy, 
thermal conductivity, electrical properties) so that 
fast netatron fluxes in the range from 10 12 to 10 14 
cm"~ 2 sec" 1 are necessary. With this range of fluxes, 
greater concentrations of defects, than can readily be 
introduced by any other type of radiation, are easily 
attained, and the advantages of fast neutron irradia- 
tions are most obvious. 

The space in which irradiations are carried out 
should have a high and uniform fast neutron flux 
coupled with a low thermal neutron flux. Thermal 
neutrons are troublesome because the impurities 



resulting from nuclear transmutations may cause 
unwanted changes of physical properties, and also 
because the induced activity may make handling 
difficult. These requirements may be met by surround- 
ing the irradiation space with a uranium cylinder or 
fast neutron converter. In this way, irradiations can 
be carried out in the reflector of a reactor, where 
restrictions on space are usually less stringent and 
where the fast neutron flux in the absence of a con- 
verter would be low and would vary rapidly. 

In many cases the defects are mobile at or below 
room temperature and it is therefore necessary to 
control the irradiation temperature. There is much to 
be gained by irradiating at the lowest possible tem- 
perature in order to freeze in the mobile defects, and 
reactor irradiations at 150C have been reported. 

Thus, although a cylinder of about one inch diame- 
ter is adequate to contain most of the specimens which 
might be used for the measurement of physical prop- 
erties, the addition of some form of thermostat and a 
fast neutron converter, with its associated cooling, 
increased the minimum diameter of a useful experi- 
mental hole to about four inches. 

CHEMICAL RESEARCH 

The chemist's uses of a research reactor fall into two 
categories. In the first, the reactor is treated as a 
source of high thermal neutron flux for radioactivation 
analysis, chemical studies of the fission process, "hot- 
atom" chemistry, and similar radiochemical research. 
In the second category are uses of the reactor as a 
source of high-energy radiation, including basic 
studies in radiation chemistry and investigations of 
the chemical behaviour of future reactor systems. 

Radiochemical studies are concerned with nuclear 
events and temperature control is seldom important. 
The chemistry is often conducted away from the reac- 
tor using irradiated specimens. Quantitative studies 
are simplified by the use of thermal neutron activa- 
tion monitors, and it is often possible to arrange an 
internal measure of the dose received. The fast neutron 
and gamma radiation in a reactor core may be an 
embarrassment if it induces decomposition of the 
material or causes exchange between various chemical 
forms of an element. In this case a high-flux thermal 
column, more easily provided in an enriched-fuel 
reactor, has many advantages. Radiochemical tech- 
niques are so sensitive that large specimens are seldom 
required, and small diameter holes can be used. Means 
of inserting and removing specimens with the reactor 
operating enables a wider range of half-lives to be 
used in this work. 

Radiation chemical studies make greater demands 
on reactor design. Thermal neutrons are less impor- 
tant, unless an element of high cross section is pres- 
ent, and the radioactivity induced by thermal neutron 
capture can be a serious embarrassment. High thermal 
neutron flux is only a means to an end the attain- 
ment of high energy flux from fast neutrons and 
gamma radiation. A graphite-moderated reactor of 
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large core size provides these conditions directly; in 
enriched-fuel, water-moderated reactors it is necessary 
to allow for appreciable amounts of power from ura- 
nium converters used in the experimental holes. 
Quantitative work is difficult because the chemical 
effects are not directly related to thermal neutron 
dose the only readily measurable quantity and 
results are very sensitive to the proximity of thermal 
neutron absorbers which alter the relation between 
that quantity and the energy deposition. 

Though the chemical examination of irradiated 
material can give valuable data, the preparation of 
specimens and their handling under active conditions 
is time-consuming, and it is sometimes more conveni- 
ent to devise apparatus for gas evolution studies, for 
taking samples during irradiation, or for using a flow 
system partly outside the reactor, so that a series of 
measurements can be made on a single specimen. 
Although radiation-induced processes usually have 
low temperature coefficients, the subsequent or ac- 
companying reactions often call for close control of 
temperature. The needs for large specimens, for tem- 
perature control, and in some cases for uranium con- 
verters with their attendant cooling requirements, 
make the provision of large diameter holes essential. 
This is particularly true in "hot-loop" studies associ- 
ated with future reactor systems since the research 
reactor provides only the radiation, and the other 
requirements (pressure, temperature, etc.) must be 
provided by the experimental equipment. 

ENGINEERING RESEARCH 

A high flux research reactor occupies an analogous 
place to the wind tunnels in aeronautical engineering; 
it provides a test bed on which engineers can test and 
develop new components and new assemblies for 
future power reactors and it would be as well to stress 
at this point the important part that "hot loops" in 
research reactors have played and will continue to 
play in the improvement of existing types and the 
development of new forms of power reactors. 

In this work the engineer associates closely with 
scientists in the fields of physics, chemistry and metal- 
lurgy. The engineer is primarily concerned with de- 
sign, development and operation of the hot active 
loops which are built into a research reactor for the 
purpose of investigating some new fuel elemcnt-cool- 
anl-moderator assembly. 

The number of reactor fuel element-coolant-moder- 
ator variants, which must be explored and evaluated, 
is very large and to build prototype reactors for each 
variant would be too expensive; the "hot loop" how- 
ever, although perhaps not providing all the answers, 
is an essential prerequisite before the prototype stage 
is decided upon. 

A realistically designed "hot loop" can provide, if 
built into a research reactor of the appropriate high 
flux, a means of testing, developing and evaluating a 
very significant proportion of the parameters which 
will be encountered in the full scale prototype. 

A serious incident can be caused in a reactor by the 



rupture of fuel element canning material with its con- 
sequent release of highly toxic and active fission prod- 
ucts. Our aim throughout must be the production of a 
fuel element free from this trouble rather than the 
detection of fuel element failure. At the present stage 
the former cannot be guaranteed and it is accepted 
that detection at an early stage of failure is essential. 
This subject of engineering research can give hand- 
some dividends in obtaining freedom from reactor 
shut-down. 

BIOLOGICAL RESEARCH 

The precise requirements in a reactor for biological 
research depend somewhat on the particular problem 
to be investigated but some general considerations are 
possible. In the first place it is usually desirable to 
carry out the actual exposures outside the reactor it- 
self, in the region of the shield. In this way, possible 
high temperatures in the core are avoided and fur- 
ther it may be possible to arrange some shutter device 
between the reactor and the irradiation space. Inter- 
ference with other research uses of the reactor is 
thereby lessened. Secondly a fast reactor is consider- 
ably more limited in its possible applications than is 
a thermal fission reactor. Usually the irradiation area 
that can be obtained with a fast reactor will be in- 
sufficient, and if slow neutrons are required, the ther- 
mal reactor is the only choice. It is quite possible with 
a thermal reactor to provide for fast neutron irradia- 
tions through conversion of the slow neutrons to fast 
neutrons in uranium external to the reactor. The 
fluxes required with a thermal reactor will next be 
considered. 

Irradiation work with experimental animals and 
other biological specimens may be broadly divided 
into two main classes, acute and chronic. In acute 
work single doses of the order of a few hundred reps 
are common, and for practical reasons it is desirable 
to give such doses in not more than an hour and pref- 
erably in about ten minutes. In chronic work, doses 
of the order of ten reps per day and downwards are 
usual. 

For acute doses of fast neutrons, a flux of about 10 s 
fast neutrons/cm 2 /sec is required. If the fast neutrons 
are to be produced through fission of uranium by slow 
neutrons, the required flux of the latter will be around 
1C 9 . Such a flux at the inner edge of the shield of a 
natural uranium graphite moderated reactor is avail- 
able at a power level of a few megawatts. If acute 
doses of slow neutrons are required, then a flux of 
about 5 X 10 9 would be suitable requiring a power 
level of around 10 megawatts. Neutron capture ther- 
apy, requiring slow neutron fluxes between 10 8 and 
10 9 n/cm 2 sec would also be possible under these con- 
ditions. Adequate shielding from the reactor gamma 
radiation would be necessary, using lead or bismuth 
and slow neutron shutter containing boron. If fast neu- 
trons were being used, then unwanted slow neutrons 
transmitted through the uranium would be absorbed 
in boron, and gamma radiation from the uranium 
(arising in fission from the fission products) absorbed 
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in lead. Finally, some protective shield against the 
neutrons after passing the experimental animals would 
be required for the safety of operators. This shield 
might well consist, of concrete plugs inserted into the 
hole through the main shield of the reactor. A vertical 
hole is likely to be most useful generally to permit a 
horizontal arrangement of animal cages. The size of 
hole should probably be at least a few feet square, to 
permit large numbers of small animals or individual 
larger animals such as pigs or goats to be irradiated. 
For chronic work with fast or slow neutrons, fluxes 
about one thousandth of those mentioned above are 
needed, assuming that the irradiation is to be essen- 
tially continuous. The simplest way of obtaining such 
fluxes is to run the reactor at a power of a few kilo- 
watts. If it. is necessary for other reasons to run at 
power levels measured in megawatts, very careful de- 
sign is necessary to attain the required low levels of 
irradiation in the experimental arrangement free from 
contaminating gamma radiation or fast neutrons from 
the reactor. Broadly speaking something amounting 
to a thermal column would be necessary, A large area 
is again desirable, to permit use of large numbers of 
animals; the area might well be sub-divided to enable 
different dose-rates to be studied concurrently. The 
external shielding require' /ents are more simply met 
than in an arrangement lor ihe acute work; shields 
moving on runners may be satisfactory. 

RESEARCH REACTOR FLUX RANGES 

It is convenient to classify research reactors into a 
number of flux ranges: 

High Flux Reactors: 10 15 to 10 13 n/cm 2 /sec 

Reactors of this type tend to be expensive to oper- 
ate and the design of experiments is itself likely to in- 
volve a major effort. Such reactors are, therefore, 
likely to be of interest primarily to industrial and 
atomic energy organisations and the work with them 
is likely to be associated with fuel element, technology 
and reactor corrosion problems. In most cases intense 
activities will have to be dealt with, and appreciable 
amounts of heat will be generated in the experimental 
apparatus. In many cases fairly elaborate precautions 
will have to be taken to ensure that no failure occurs 
in the experimental equipment. Such failure could 
cause considerable damage to the reactor as well as be 
a serious hazard in itself. 

Two distinct types of high flux reactor can be dis- 
cerned. In one case the reactor operates on natural 
uranium and a high flux of say 10 14 may well involve 
a total power output of 100 Mw. Such a reactor is 
obviously a major project but it would be possible to 
recover an appreciable fraction of the expenditure by 
selling the plu Ionium by-product. A system which ap- 
proaches this specification is the NRX reactor at 
Chalk River in Canada which was designed as long 
ago as 1944 by a joint Canadian-British-French team 
and which must still be considered as one of the finest 
research systems in the world. 



The alternative type of system is based upon a small 
core of U 235 and practically all experimental work is 
undertaken in a reflector around this core. In order to 
have an adequate flux over a- reasonable volume in 
this reflector it is desirable to use a comparatively 
non-absorbing material. A very good example of this 
type of system is the MTR reactor which uses graph- 
ite in the outer regions of the reflector and beryllium 
close to the core. The UK is constructing two high 
flux systems with a similar specification but these will 
use heavy water rather than a solid for the high flux 
experimental region. This arrangement simplifies de- 
sign of the reactor and will allow us to proceed more 
quickly. The same heavy water can be list 1 as the 
cooling medium. 

The UK reactors are essentially higher flux versions 
of the Argon ne CP5 reactor. 

Medium Flux Reactors: 10 11 to 10 i: < n/cm 2 /sec 

The cost of reactors in this flux range is such that 
it is not particularly uneconomic to operate them at. 
well below Uu-ir normal rating. However, especially at 
the highi r e : d of the flux range they do permit a rea- 
sonable range of experiments in physics and chemis- 
try. If is our experience that the interest of physics 
. nd chemistry research staff drops off sharply as flux 
is reduced towards 10" and becomes negligible 
below 10 11 . 

For fluxes of the order of 10 11 to 1() 13 the amount of 
by-product plutonium becomes insignificant in a nat- 
ural uranium research reactor while the consumption 
of U m becomes insignificant in the U 235 core reactor. 
Since the total cost of such reactors becomes rela- 
tively modest, it will not be worth while in many 
cases to design a complicated system using natural 
uranium to permit the carrying out of a large number 
of experiments at the same time and it is probable 
that research reactors in this flux range will lend to 
be based on the use of U 28B in future. 

The capital cost of 1) 2 O will tend to become exces- 
sive for a medium flux system, and one will tend to- 
wards natural water for cooling. 

In many cases the reactor will need only a small re- 
flector surrounding the core. For these reasons the 
tendency would seem to be to surround the U 235 core 
with a cube of graphite if a reflector is required. 

The design of these lower flux systems affords a 
very wide field for individual features and this is a 
tendency which can already be discerned. 

Low Flux Reactors: 10 to 10" n/cm=/sec 

A reactor of this type requires virtually no cooling 
and about the only maintenance and operating prob- 
lem is in connection with the electronic control cir- 
cuits. The whole design of reactor including the shield 
can be exceedingly simple and cheap. Such systems 
are quite useful for many medical and biological ex- 
periments. They are of use also for measurements of 
the purity of reactor materials and for analytical 
investigations. 
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As enriched material was not available in the UK 
after the war, a simple graphite moderated system, 
known as Gleep, was constructed and this system has 
been in use 24 hours a day, seven days a week for the 
last eight years. In any future system in this flux 
range the UK would probably use slightly enriched 
uranium and a much purer graphite than was used in 
Gleep. This would result in a much smaller system 
with perhaps a three-metre cube of graphite or some- 
thing a little larger. To reduce the size too far could 
be a disadvantage in that it would no longer be pos- 
sible to have a reasonably large volume in the system 
at a moderately uniform flux. This can be important 
for biological work and oscillator type experiments. 

Flux Up to 10" 

In carrying out zero energy experiments in connec- 
tion with reactor design it is desirable to operate at 
such a flux that the fuel can be handled by hand after 
shutdown. In addition it is desirable to have no more 
than elementary shielding. These requirements can 
be met with a reasonably adequate sensitivity of meas- 
urement with fluxes not exceeding 10 9 . 

REACTOR COSTS 

It would appear that the capital costs of the simple 
research reactor will be quite modest and even allow- 



ing for fuel and the cost of the building will not ex- 
ceed between 100,000 and 200,000, unless the flux 
exceeds 10 18 . Operating costs in this region will usu- 
ally be small. In addition, relatively few safety pre- 
cautions are needed with experiments and the design 
of experiments can be relatively simple and cheap. 
Above 10 13 one begins to face major design problems 
in removing large quantities of heat, whilst the con- 
sumption of fuel becomes an important consideration. 
Costs of the order of two to three million pounds may 
be expected at a flux of 10 14 with annual operating 
costs of perhaps 250,000 per year. For higher fluxes 
the cost will tend to increase in proportion. 

CONCLUSION 

A flux of 10 18 can be obtained at a moderate capital 
cost of the order of 200,000 or less and with low 
operating costs. It will satisfy the needs of a large 
fraction of the research work which can be done in 
physics, chemistry, and biology. For the latter, in fact, 
smaller fluxes are adequate for much of the work. The 
nuclear energy industry, however, will demand ex- 
pensive facilities for fluxes up to 10 15 though much 
can be done with a flux of 10 l4 . Even so, operating 
costs may well be of the order of 250,000 per year or 
more. 



Practical Experiences with the JEEP Reactor 

By T. J. Barendregt, N. Hidle, A. Lundby, E. Scsland, and G. Trumpy,* Norway 



The construction of the reactor installation, JEEr, 
at the Dutch-Norwegian Joint Establishment for 
Nuclear Energy Research (JENER), was started in 
1948, at Kjeller, near Lillestrom, Norway. The reactor 
became critical in the last days of July 1951, and has 
been in operation almost continuously since then. 
The main activity at Kjeller is related to the use of 
the reactor as a research tool and as an isotope pro- 
ducer. Many physicists and engineers from abroad 
have performed their own experiments with the reac- 
tor or have taken part in experiments with the insti- 
tute staff, and we hope that the installation will still 
serve for a long time as a useful tool. 

DESCRIPTION 

JEEP (see Fig. 1) is a natural uranium heavy water 
moderated and cooled reactor. 1 The designed power 
level was 100 kw, but the actual level has gradually 
been increased to a maximum of 350 kw with a cor- 
responding central thermal neutron flux of approxi- 
mately 10 I2 /cm 2 sec. The moderator water which is 
kept well below 100C removes the generated heat 
from the fuel elements by natural convection. Heavy 
water is removed from the top of the reactor and cir- 
culated to an external heat exchanger where it is 
cooled by ordinary water before returning to the bot- 
tom of the tank. A closed circuit is chosen for the 
ordinary water, and this is cooled in a water-to-air 
heat exchanger. The heat energy is finally discharged 
to the atmosphere; a part however is used for heating 
the reactor building during the winter. 

The reactor tank, 2 m in diameter, is surrounded by 
a graphite reflector 0.7 m thick. Cadmium plates, two 
for control and two for shut-off, are placed between 
the tank wall and the reflector. The plates, 35 X 130 
cm, can be lowered into slots in the concrete floor 
below the reactor. A manually operated shim rod is 
placed in one of the six channels penetrating diametri- 
cally through the tank. Biological shield is ordinary 
concrete lined with cadmium on inner walls. Minimum 
concrete thickness is 2 m. 

In addition to the above mentioned six channels, 
which pass through from one side of the concrete 
block to the opposite side, there is a thermal column 
and two channels extend through the graphite reflec- 
tor on to the tank wall. This is a low number of open- 
ings for a research reactor of this kind. To ease the 

* Joint Establishment for Nuclear Energy Research, Kjeller 
near Lillestrttm. 



situation, both horizontal channels which normally 
contain neutron detectors and vacant fuel element 
holes in top of the tank are used for experimental 
set-ups. 

The fuel is metallic uranium, canned in aluminium. 
Fuel elements spaced on a square lattice of 18 cm 
centre-to-centre distance, consist of two uranium 
rods 1 in. in diameter. The rods are comprised of 6J^ 
individual uranium bars llj^ in. long. At present, the 
reactor is operated with 65 fuel elements, the maxi- 
mum number being however, 76. The 65 elements 
have a total weight close to 2.3 tons. The total heavy 
water content in the system is 7 tons. 

It might be of interest to note that the entire instal- 
lation is built up from conventional and non-re- 
stricted materials and components. Aluminium used 
in rod construction, tank, and tubings is of an ordinary 
technically pure quality (2S). Steel used in pumps, 
valves, heat exchanger and tubings is of commercial 
quality with C, Or, Ni and Mo content 0.05, 18, 9 and 
1.5 per cent, respectively. All connections of stainless 
steel to aluminium in the circuit are electrically insu- 
lated to prevent corrosion. Gasket material is largely 
neoprene through the entire system. 

Six separate neutron sensitive systems are located 
in the reactor. One is used for the main reference of 
power level. Three are used as shut-off channels; these 
will actuate the shut-off plates if the power should 
exceed a pre-set level. One is used for automatic con- 
trol of power level. The last one is battery driven, and 
current from the detector passes directly to a gal- 
vanometer. This sixth system is installed to be able to 
see that the reactor shuts off in cases when the main 
current supply falls out. All neutron detectors are 
TPA ionization chambers with BFs filling. 

FIRST START-UP OF REACTOR 

The exact amount of uranium and heavy water 
needed to get the reactor critical was not known in 
advance. The first starting-up, therefore, had to be 
done very carefully. All 76 fuel elements were mounted 
in position in the reactor, a 100 mg Ra-Be source was 
placed close under the bottom of the reactor and heavy 
water was pumped in portions into the tank. BF a 
counters placed inside the reactor core gave counting 
rates which were plotted inversely against the height 
of heavy water. By extrapolation of the curve \/c 
= /(T) to l/c = 0, a very good value for the critical 
water level was obtained. The Ra-Be source was 
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removed during the procedure when the multiplication 
factor was large enough lo multiply the background 
neutrons to such an extent that (hey could be counted 
with the BF 3 counters. All cadmium plates were drawn 
out of the system during the start-up. 

Critical water level in the tank was so low at the 
initial slarl-up that water did not reach up to the out- 
let tube for circulation. Fourteen fuel elements were 
therefore removed from the tank so that circulation 
level could be reached without the system having too 
much excess reactivity. Later, three elements have 
been reinserted to compensate for isotope loading. 

Today the start-up is an easy routine procedure. It 
is done in the following manner. The neutron-scnsiiive 
instruments, which are calibrated in kw of power level, 
are switched lo a sensitivity range where the back- 
ground of neutrons can be detected. First, the two 
shut-off plates are withdrawn one at a time. Then the 
two control-plates are carefully taken out, also one al 
a time. Normally the reactor is still sub-critical after 
these operations due to the rather large shim rod in the 
lowest horizontal channel. The shim rod is then gradu- 
ally withdrawn until criticality is reached. Pile period 
is watched very carefully during the entire procedure. 
The shim rod is withdrawn so far that the doubling 
time of the reactor is approximately 30 seconds. The 
power level is then allowed to increase until the de- 
sired operating level is reached. Control cadmium is 
then inserted manually to stabilize the level. The auto- 
matic control circuit can then be put into operation. 

When the moderator is heated up, cadmium has to 
be taken out to compensate for the negative tem- 
perature coefficient. This is done with control plates 
in the first instance, and the shim cadmium is with- 



drawn step by step lo keep the control plate in a prac- 
tical working range. 

When shutting down the reactor, even for short 
intervals, all the cadmium is reinserted, and start- 
ing-up has to proceed from the beginning. This rule is 
established to prevent the operators misjudging load 
changes. 

REACTOR OPERATING EXPERIENCES 

Since JEEP is our first installation of this kind, we 
are naturally very interested in gaining experiences 
with operation and maintenance of the reactor. To be 
able to follow the behaviour of the more important 
parts and equipment, we inspect fuel elements, reac- 
tor tank wall, pumps, valves and other accessible 
parts regularly. Some more details might be mentioned. 

Inspection of fuel elements is carried out in a simple 
and in our opinion, effective way. The highly active 
fuel elements, accumulated dose up to 110 Mwcl/ton 
uranium, are hoisted from the reactor into a lead 
coffin placed on top of the reactor shielding. This 
rofiin is used for transporting burned fuel to the 
14 cooling-down well," but for inspection, it is placed 
with the rod inside on lop of a lead cylinder with an 
epidiascope built in. The fuel rod is then lowered from 
the roilin into the cylinder, passing the epidiascope on 
its way. An enlarged picture of the element can then be 
projected on to a screen. Turning the element and 
focusing the optical system can be done from a dis- 
tance, i.e., by the inspector sitting in front of the 
screen. With this system, very small irregularities and 
also colouring effects on the canning can be discovered. 

Although fuel elements in JEEP were made without 
knowing much about how to can uranium, very little 
trouble has arisen up to now. Five rods have been 
removed due to corrosion of canning material or 
14 blister formation, " but with today's knowledge, we 
probably would not have removed more than two of 
them. The corrosion attack on the canning which was 
serious enough to cause removal of elements was due 
to copper particles pressed into the canning surface 
giving local galvanic elements. Some general corrosion 
attack has been observed on non-treated canning 
surfaces. Fuel elements which have been anodically 
oxidized have shown remarkably little or no attack at 
all. New elements are now treated in this way. Blister 
formation (see Fig. 2) is probably due to moisture 
inside the canning reacting with uranium and resulting 
in uranium oxides or uranium hydrides in local spots. 
The result is an increased volume which can cause 
very sharp warts in the aluminium tubing. Several of 
these blisters have been formed, the largest has been 
up to approximately 3 mm high and 15 mm in diame- 
ter in the bottom. No burst of canning has occurred. 
All fuel elements are inspected twice a year, and ac- 
cording to the records, it seems as though most blisters 
stabilize on a reasonably small size, less than 1 mm 
high. Since blisters have also been found on fuel ele- 
ments which have been stored, it is concluded that the 
effect is not primarily dependent on conditions in the 
reactor. 
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Figure 2. The picture shows one targe, approx. 3 mm high, and one small 
blister on one of the active rods* The large blister is scratched on top 
when the element is extracted from the reactor, due to small clearance 
in the fuel element hole in top of tank. This rod was permanently re- 
moved because of the large blister. (Photograph is taken from the 
projected picture) 

The inner wall of the reactor lank is inspected by 
means of a periscope. Fuel elements on the tank cir- 
cumference are raised to make room for the periscope. 
No serious defects have been found in the welded tank 
structure. The walls are, however, tarnished with a 
grey aluminium oxide layer. 

Since the initial start-up, the reactor has been 
checked for corrosion seven times. The corrosion ef- 
fects in the reactor seem mainly to be a problem of 
heavy water contamination. Inspection of the valves, 
pumps, and heat exchanger of the heavy water system 
revealed corrosion attacks on the stainless steel mate- 
rial, which have resulted in the introduction of rust 
particles into the heavy water system. 

Since the conductivity of the heavy water will give 
an indication of the dissolved impurities, the conduc- 
tivity is measured regularly. Doubly distilled heavy 
water has a X of about 1 X lO^ir 1 cm-' at 25C, and 
the heavy water delivered by Norsk Hydro has an 
average X = 0.85 X lO^O" 1 cm- 1 at 25C. The con- 
ductivity is slightly influenced by the power level at 
which the reactor is running, but its value was in- 
creased to 2 X lO-frfi" 1 cnv 1 at 25C at the end of 
1954. No data are available which can give a better 
explanation of this twentyfold increase of the conduc- 
tivity of the heavy water, other than contamination 
by corrosion products. 

As a comparison, the pD was determined. Doubly 
distilled heavy water with a so-called "apparent pH" 
of 6.2 was used as a standard. The apparent pH of 
the heavy water in the reactor system appeared to be 
slightly decreased to 4. 5.0, which also indicates 
dissolved products in the heavy water. With di- 
phenylbenzidine as a reagent, nitrate ions could be 
detected and a quantitative determination showed an 
amount of 10 mg/litre present. It is obvious that only 
a small percentage of this nitrate in the heavy water as 
free nitric acid would cause the lower pH. The ele- 
ments listed in Table 1 were determined spectro- 
graphically in the residues obtained after distilling off 
the heavy water. 

Due to the decomposition of the heavy water, D a O 2 
is present. During operation of the reactor, an average 
value of 10 mg l) 2 Oo/litre was obtained, but this 



amount decreases when the reactor is shut down for a 
longer period. 

Table 1 . Data of the Heavy Water in the JEEP System 
(January 1954) 



t. Composition 

2. Conductivity 

3. pD ''apparent pH) 

4. Nitrate 

5. DuO* 

6. Residue 

Components of resiilur 

Al 9 ppm 

Ca 0.05 

Cu 0.15 

Pb 0.9 

Fe 3.5 



99.8-99.85% D 2 O 

17 X 10 B sr l cm" 1 at 25C 
4.8-5.0 

10 nig/litre 

18 mg/litre 
50 mg/litre 



Cr 0.1 ppm 
.Vi 0,15 ppm D 2 <> 
H 0.05 ppm 1J 2 O 
Si 1.1 ppm 



On top of the reactor tank there is a layer of 1 m 8 of 
air, which is circulated over a catalyst to recombine 
the D 2 -O 2 mixture, formed in the heavy water by 
irradiation. The content of D 2 in the air has been 
measured regularly. The amount increases continu- 
ously and the air is circulated to such an extent that 
the Da-content is kept at about 0.5 per cent. The 
amount of recombined water is a linear function of 
the power at which the reactor is running. At a level 
of 250 kw the amount of recombined water is now 
40 ml, hr. 

Owing to the impurities present, the heavy water 
in the reactor system appeared to be radioactive. 
There is a close correlation between the specific ac- 
tivity of the heavy water in me 'ml and the level of 
the reactor. To obtain some idea of the elements which 
are responsible for the activity, Cu+ + , Fe 4 ' f+ , Ca^, 
K + , and Na f were added as carriers. From the analy- 
sis of the components it was found that approximately 
70 per cent of the total activity was due to compo- 
nents of less than 4-hr half-lives, and 2.4 per cent to 
components with 24-hr half-lives. The contribution of 
more long-living components is of the order 1 -2 per 
cent. 

Although no precautions have been taken, no indi- 
cations of serious corrosion attacks on the system have 
been observed. In order to reduce the decomposition 
rate at high power levels, however, plans have been 
made for building in a purification unit for the heavy 
water. 

The heavy water circuit outside the main reactor 
shield is accessible when the reactor is shut down. 
Valves, pumps, flange connections, etc., in this system 
can then be checked quite often. In addition to the 
direct visual control, a leak detection system is in- 
stalled. The detector which only needs a drop of water 
to set oil an alarm, consists of two steel plates with a 
hygroscopic paper between. The paper is prepared 
with NaCl to act as a conductor when it becomes wet. 
The detector is coupled in series with a battery and 
an alarm relay. Detectors of this kind are placed all 
around the installation where leakages are likely to 
occur. The system has often proved to be very useful. 

The circulation pump in the heavy water circuit is 
of a normal centrifugal type. The difficult problem 
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when looking for a pump for expensive fluids like 
heavy water, is the shaft sealing. The sealing has to 
be tight, no lubrication is allowed, material choice is 
restricted, and low maintenance is required. In our 
case a standard rotating shaft seal is applied. The ro- 
tating seal itself is achieved with a ground carbon ring 
against a ground stainless steel ring. The system has 
proved to be good for our working conditions. During 
the four years of almost continuous operation, the 
shaft seal has been renewed only once. The reason for 
break-down was that an aluminium particle which had 
managed to enter between the carbon steel ring, had 
scratched the carbon ring so that water was able to 
leak out. 

Valves used in heavy water lines are of a commercial 
available plug cock type. The valves are grease lubri- 
cated, the grease being of special quality non-soluble 
in water. The choice of these valves is not entirely to 
our satisfaction. Grease is loosened by the streaming 
water and is transported around in the system until it 
sticks to the wall somewhere. It does not cause much 
harm, but some trouble has arisen with the valves in 
a small diaphragm pump. We now believe that with 
the proper choice of material, diaphragm valves might 
prove to be better than the type used. 

Gasket material used is mainly neoprene either as 
sheeted material or as standard O-rings. The material 
withstands fairly well the actual conditions outside 
the radiation field. O-rings are also used for tighten- 
ing of fuel clement holes. The rings are fitted in a slot 
under the top flange of the fuel element construction. 
The gasket should seal the hole by means of the ele- 
ment's own weight. The neoprene, however, becomes 
damaged rather soon in the radiation field; it hardens, 
turns brittle and loses its sealing effect. 

Apart from the ordinary break down of electronic 
components, very few failures have occurred in the 
control installation. A water level indicator for the 
reactor tank was working on the principle of a float 
adjusting an iron core inside a solenoid, the solenoid 
being one branch of an inductive bridge. This indica- 
tor, however, did not function properly after about 
one year's operation. The float mounted on top of the 
tank under the top shielding is no longer accessible. 
We believe that the reason for not functioning is a 
broken lucite tube located inside the solenoid. This 
tube has probably caused the iron core to. remain in a 
fixed position. 

The wiring for one of two resistance thermom- 
eters recording reflector temperature is short-circuited 
somewhere inside the radiation shield. 

Resistance thermometers are used throughout the 
entire installation. Thermometers situated in the re- 
actor tank can be shown to be influenced by radiation. 
The effect is dependent on radiation intensity; no 
permanent change has been recorded. 

EXPOSURE TO RADIATION 

Members of the staff most exposed to radiation are 
the Reactor Operating personnel. Normally, the rec- 
ord over a three month period shows that the highest 



doses are approximately J^ of the accepted tolerance 
dose which corresponds to 300 mr per week. Person- 
nel working constantly in the radiation field use pen- 
type gamma and neutron dosimeters and also film 
badges, whilst personnel working occasionally with 
radioactive materials wear only film badges. Blood 
checks of all personnel are made regularly. 

One serious case of heavy contamination has oc- 
curred. About three kilos of uranium canned in alu- 
minium had been inserted in an irradiation channel for 
three weeks, after which the experiment for which it 
was intended was completed. It had been checked 
after two weeks and found in good order, but when 
the uranium was to be removed from the channel, the 
canning had burst. Due to a rather high temperature 
in the uranium, it had oxidized strongly in the air, 
and quite a large amount was sprayed around, in the 
form of dust, when the channel was opened. All per- 
sonnel were immediately evacuated from the building, 
and before men in protection clothing and masks were 
allowed to re-enter the building air samples were 
taken. Primarily the burst slug had to be removed. 
Tt was transferred to a container by means of long 
tongs, where it was soaked in oil to prevent more 
dust from escaping. Vacuum cleaners were then used 
for removing the major part of active dust which was 
located in the channel, and on the floor in front of the 
channel. The vacuum cleaners were so highly active 
that they were disposed of in concrete drums. The 
cleaning job was then commenced upon with brushes 
and water, the washing being continued day and night 
over the entire building, for four consecutive days. 
Most of the activity was then removed, but some was 
left in cracks in the concrete floor; after monitoring 
however, it was decided that the remaining activity 
was not dangerous. Liquid floor polish was then used 
for binding the dust in the cracks, the waxing of the 
floor being repeated several times. 

REACTOR PHYSICS 

One usually attempts to make most experiments 
with reactors as such immediately after starting them 
up (breaking-in period). As techniques and experience 
develop, however, previous experiments are revised 
and new ones added. 

A number of physical experiments depend, further- 
more, on the operation of the reactor as a whole. This 
is, for example, the case with reactor oscillator and dan- 
ger coefficient experiments. Since they frequently have 
to be carried out at relatively low reactor power levels, 
one has to balance the available operating time be- 
tween isotope production and measurements with 
high neutron fluxes on the one hand and low flux ex- 
periments on the other. 

In heavy water moderated reactors complications 
arise under these conditions due to (a) the presence 
of long-lived photoneutrons, (b) the large nuclear tem- 
perature coefficient of heavy water, and (c) the xenon 
poisoning effect. 

The reactor oscillator used in connection with JEEP 
' is pneumatically operated. 2 The arrangement is easily 
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moved in and out of any of the irradiation channels 
which run through the reactor. The effect of a sample 
on the reactivity is detected by integrating the first 
Fourier component of the signal from a boron coated 
ionization chamber placed near the reactor core. For 
practical and security reasons the reactor power level 
is reduced from a few hundred kw to a few kw when 
operating the oscillator. The background of long-lived 
photoneutrons will in this case tend to influence the 
reactor transfer function in such a way as to make re- 
actor oscillator experiments ambiguous. 3 In order to 
be able to perform such experiments at power levels 
of one kw or less, it is necessary to wait several days 
after the power level is reduced. 

The nuclear temperature coefficient of the heavy 
water in JEEP is about -2 X 10~ 4 per C. 4 When the 
reactor has been running at full power level with a 
maximum cooling rate, the temperature of the heavy 
water is 20-30C above the temperature of the sur- 
rounding air. The loss of reactivity in heating up 
(about 0.5%) cannot be tolerated in some experiments, 
e.g. when resonance integrals are measured with the 
reactor oscillator. 5 The power level and temperature 
have therefore to be reduced. Since it is hard to sta- 
bilize the temperature of the heavy water, one gets 
difficulties due to spuriou? changes in reactivity. 

As compared to other t-atural uranium heavy water 
reactors JEEP has an unusually low ratio of uranium 
to heavy water. This reflects itself in the very long 
lifetime of neutrons in the reactor (nearly 2 X 10~ 8 
sec.* As a result the stable period of the reactor is 
comparatively large even for several per cent excess 
reactivities. Together with the large nuclear tempera- 
ture coefficient of the heavy water this makes the re- 
actor relatively safe. At an operating level of 250 kw 
(maximum thermal neutron flux 7.54 cm ~ 2 sec" 1 ) the 
xenon poisoning suppresses a reactivity of 2 X 10~" 3 
after running the reactor for a few days. The build up 
after reactor shut down is negligible. 

The reactor power level will be increased by at 
least a factor of two in the near future and the xenon 
elTect will increase correspondingly. 

NEUTRON PHYSICS RESEARCH 

The JEEP has shown itself to be a very good tool 
for experiments in neutron physics, the only disad- 
vantage being a shortage of experimental channels. 
For physical research the two "fast neutron chan- 
nels" leading to the reactor tank wall, and two of the 
six "isotope channels" going all the way through the 
reactor are available. Further, there is the thermal 
column, but so far this has only occasionally been used 
for physical research. Most of the physical activities 
directly dealing with neutrons will be mentioned in 
the following. 

Great emphasis is made upon neutron diffraction 
work, which at present is carried out with three dif- 
ferent goniometers. The simplest one having its crys- 
tal sample irradiated by a "white" neutron beam was 
first used as a monochromator in the study of reso- 
nances, such as the 0.096 ev resonance in Sm. 8 Later, 



the temperature dependence of Bragg scattering has 
been particularly investigated. It has been shown that 
the magnetic scattering depends upon the tempera- 
ture in the same way as the magnetization does, thus 
it disappears at the Curie point. 9 A detailed study of 
the "diffuse peaks" originating from magnetic inelas- 
tic scattering is being done. The cross section for this 
inelastic scattering has been determined, and shows a 
strong maximum at the Curie point. 

The other two goniometers are solely applied to 
structural analysis, one of them being completely 
automatic in operation. The specimens studied on 
these goniometers are irradiated with monoenergetic 
neutrons from crystal monochromators. Among the 
studies made are: 

The establishment of the CuH-structure by com- 
bined X-ray and neutron diffraction work, in which 
the hydrogen positions were determined by the study 
of CuU, JO and also the verification of the short dis- 
tance 2.53 A between the Al-atoms in Al 2 Th. n A 
search for the reported anomalies in the scattered 
X-ray intensities from LiF, which were not found, in- 
dicating that the anomalies must be due to asymmetry 
of the electron clouds. 12 An investigation of the mag- 
netic structure of pyrrhotite with Ni As-configura- 
tion. 12 At present combined X-ray and neutron dif- 
fraction work is done on single crystals of Ca(H 2 PO 2 )2. 
By neutron diffraction the hydrogen positions of hexa- 
methylene-tetramine and the oxygen positions of ura- 
nium-oxides are looked for. 

Monochromatic neutrons scattered from a crystal 
were also applied to a measurement of the fission cross 
section of U 236 up to 0.40 ev. A resonance at 0.28 ev 
was found. 13 ' 14 

For low energy neutron work a mechanical mono- 
chromator has been built, consisting of a collimator 
and a steel rotor with 14 helical slits on a 9 m pitch 
helix. 16 The maximum angular velocity of 9000 rpm 
corresponds to 1350 m/sec for the neutrons. Some 
measurements of the Eu cross section were made with 
this instrument. A fast chopper, giving neutron pulses 
of 2 sec width at half maximum at a rotational speed 
of 12,000 rpm, is now ready for installation. The flight 
path and the detecting system are being prepared. 

A method for the determination of fast neutron 
fluxes by the activities induced by threshold reactions 
has been established. Absolute neutron fluxes in the 
JEEP were determined by absolute counting of the 
induced beta-activity with a scintillation counter. 16 

The circular polarization of gamma-rays following 
polarized neutron capture is being investigated by 
measurement of the Compton scattering of the 
gamma-rays in magnetized iron. A few nuclear spin 
values have been determined in this way. 17 

ISOTOPE PRODUCTION AND RESEARCH 

When the plans for the Kjeller reactor and its con- 
nected laboratories were drawn up, some provisional 
facilities for the preparation of radioactive isotopes 
were also included. It was felt at that time that a 
domestic production of radioactive isotopes might ini- 
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lialc and encourage the domestic use of isotopes. The 
experience of the past three years has shown that this 
idea was right. A number of interesting isotope appli- 
cations could not have been carried out without a 
domestic isotope production. In addition, close coop- 
eration between the research worker using the isotopes 
and the isotope production centre has in many cases 
proved essential for a positive result, of the isotope 
investigations. This latter point seems to be of great 
importance for the smaller countries where relatively 
few scientists arc familiar with the special techniques 
required in isotope applications and therefore need to 
discuss their intended methods, the specifications of 
the isotopes, safety precautions, etc. 

As mentioned earlier, the JEEP became critical in 
July 1951. This did not mean, however, the immediate 
possibility of an effective isotope production. Because 
of desirable changes in the top shielding the reactor 
was shut down for about half a year after it had first 
started. Then followed the running-in period during 
which routine production of radioisotopes was 
impossible. 

From January 1953 there has been a normal reactor 
operation and more than 1000 isotope shipments have 
since then been despatched from Kjeller to customers 
outside the institute. The rate of isotope shipments 
has been doubling every year. An important part of 
the shipments consisted of irradiated, non-processed 
material which was separated and distributed both in 
Europe and overseas by the pharmaceutical firm 
N. V. Philips-Roxane, Amsterdam. The direct ship- 
ments from Kjeller were mostly for the Scandinavian 
countries. Most current "carrier free" pile isotopes 
are being or will shortly be produced at Kjellcr. As 
mentioned, the general devices for irradiating targets 
have until now been rather provisional. Three of the 
horizontal experimental channels have been reserved 
for isotope production making possible the simultane- 
ous irradiation of about 60 standard cans, each en- 
closed in a 20 cm long graphite cylinder. In addition a 
vertical channel has been inserted in one of the vacant 
fuel rod positions and used for Jong time irradiations. 
At present the whole system is being reconsidered. In 
the future only vertical channels will be used for rou- 
tine irradiations, because of the usefulness of the hori- 
zontal channels for research purposes. The isotope 
cans will be held in position by means of a long vertical 
aluminium stringer which can be moved to a desired 
position to permit the loading or unloading of the 
stringer by means of a pneumatic system. 

Closely connected with the isotope production is the 
consultative work carried out by our institute in order 
to facilitate the industrial uses of radioisotopes. A 
number of industrial applications performed under this 
program will be described at the present conference. 18 
The chemical separation methods used for the produc- 
tion of these isotopes are partly conventional, and 
partly new, e.g., for the separation of I 131 from irradi- 
ated tellurium oxide and P 32 from irradiated sulphur. 19 
Another interesting study is the production of P 33 by 
irradiating large quantities of sulphur at the outside 



of the reflector where a large space is available and 
where the ratio of the rate of formation of P 33 and 
P 32 is high due to a high proportion of thermal 
neutrons. 

Concerning the pile neutron yield of threshold reac- 
tions a systematic study has been carried out especially 
for the (n,a) reactions.- 1 This investigation shows 
that the yields of most threshold reactions earlier 
predicted and measured for unmoderatecl fission 
neutrons by Hughes apply well also for irradiations 
performed in the actual irradiation channels in the 
reactor core. Threshold reactions requiring very high 
neutron energies show, however, very reduced yields 
compared to those obtainable with fission neutrons. 
This is due to an obvious depletion of the very high 
energy part of the fission neutron spectrum in the 
irradiation channels. 

The JEEP has also been used for investigating 
unknown isotopes or isotopes for which insufficient 
data exist. Several new fission isotopes have been 
discovered by irradiating uranium compounds and 
transferring the targets rapidly to an adjacent chemi- 
cal laboratorium by means of a simple pneumatic 
system mounted in one of the horizontal channels. 22 
The properties of the long-lived Nb D4 produced 
by neutron irradiation of niobium have also been 
investigated. 23 

A large number of irradiations of plant material, 
especially seeds of different kinds have also been car- 
ried out both in the reactor core and at the outer sur- 
face of the reflector. Both genetic and physiological 
effects have already been studied. 24 -' 26 As compared 
to X-rays the pile neutrons have been found very 
efficient in producing genetic effects, and some 
experiments also indicate that a different spectrum 
of mutations is obtained. In order to control the dose 
measurements which to a large extent were carried out 
by the ferrous-ferric system, the influence of the linear 
ion density on the radiation yield of this system was 
investigated. The additivity of the effects of simul- 
taneous action of lightly and densely ionizing radiation 
was demonstrated. By exposing ferrous solutions to 
the nuclear fragments of different nuclear reactions 
and also to other types of radiations of known ion 
density the variation of the G value (Fe 8+ /100 ev) 
with ion density was established. 26 

OPERATIONAL PROGRAM AND STAFF 

Up to the present time, the reactor has been oper- 
ated from Monday morning to Saturday morning, in 
three shifts. From this summer, however, continuous 
operation throughout the entire week in four shifts, 
will be put into effect. Since the reactor is used for both 
physics research and isotope production, it has proved 
most convenient to run experiments which need low or 
variable power level, during the day, and to operate 
on a maximum power level for isotope production and 
for high power level experiments the rest of the time. 

In conclusion it might be mentioned that obvious 
limitations exist when a single reactor of this type 
shall serve as a research tool for 30 to 40 scientists and 
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for isotope production. The JEEP has, however, 
within these limitations, proved extremely useful for 
both purposes. 

REFERENCES 

1. Dahl, ()., and Kanrlers, G., Heavy Water Reactor at Kjeller, 
Norway, Nucleonics 9: 5-17, (1951). 

2. Grimeland, B., and Suride, A., The Pile Oscillator at Kjeller, 
JENKR Internal Report No. 36: (1954). 

3. Lund by, A., RJfcct of Photoncutrons on Transfer Function 
of a Heavy Water Reactor, J. Nuclear Energy, 1: 53, (1954). 
J EN KR Report 33: (1954). 

4. Lunclby, A., Temperature Measurements in JEEP, JENER 
Report No. 32: (1954). 

5. Kriksen, V. ()., and Schmid, II. , Measurements of the 
Kffertive Resonance Integral of Uranium with the Pile- 
Oscillator, Paper to be presented at this conference. 

6. Lundby, A., and Holt, N., Kinetic Behaviour of a Thermal 
Heavy Water Reactor, Nucleonics 12: 22-5 (1954). 

7. Kriksen, V. O. and lliilg, W., X c Poisoning of the JEEP, 
JENER Report No. 17: (1953). 

8. JVIcReynolds, A. W., and Andersen, E., Thermal Neutron 
Resonance of Sm, Phys. Rev. 93: 195 (1954). 

9. McReynolds, A. W. and Riste, T., Magnetic Neutron 
Diffraction from F<:*O* t Phys. Rev. 95: 1161 (1954). 

10. Goedkoop, J. A., and Andresen, A. F., The Crystal Structure 
ofCuH, Acta Cryst. 8: 118 (1955;, 

11. Andresen, A. F. and Goedkoop, A. J., Neutron Diffraction 
Study of AlsTk, Acta Cry-H. 8: 118 (1955). 

12. Andresen, A. F., Nyen Arbeidcr i Noytrondijfraksjon pa 
Kjeller, Tids, skr. Kjemi, Bergv. og Met. 15: 47, (1955). 

13. Popvic, D., Energy Dependence of the f/ 28fi Fission Cross 
Section in the Low Energy Region, J. Nuclear Energy, 1 : 3, 
(1954). 

14. Popvic, D., and Raisic, N., Energy Dependence of the U" b 
Fission Cross Section, J. Nuclear Energy, 1: 170, (1954). 



15. Holt, N., Mechanical Neutron Monochromator, JKNER 
Publication No. 7: 169 (1953). 

16. Grimeland, B., Absolute Measurements of Neutron Densities 
in the JEEP, JENER Report N r o. 20. 

Grimcland, B., Measurements of Fast Neutron Flux in the 
Centre of JEW, JKNKR Report No. 28. 

17. Trumpy, G., Circular Polarization of Gamma, Kays Following 
Polarized Neutron Capture, Nature 176: (to be published). 

18. Been, U., and Sorland, E., Some Industrial Uses of Radio- 
isotopes in Norway, Paper to be presented at this Conference. 

19. Samsahl, K., and Taugbo], K., Separation of Carrier-free 
Isotopes by Diffusion Methods, paper to be presented at this 
Conference. 

2 ). Westermark, T., Production of P with Thermal Xcutrons, 
Phys. Rev. 88: 573 (1952). 

21. Swland, K., Lykaas, M., and Samsahl, K., (,> -Yields for 
Pile Neutrons in Elements of Medium aii# High Atomic 
Number /. JENER Report No. 23: (1954). 

Sa^land, E., and Samsahl, K., (,) Yields for Pile Neutrons 
in Elements of Medium and High Atomic Number //, 
JKNKR Report No. 27: (1955). 

22. Pappas, A. C, et at. To be published. 

23. Rollier, M., and Sa-land, E., Half-life and Beta Decay of the 
Long Lived Niobium-94, Phys. Rev. H: 1079 (1954). Act. 
Chem. Scand., 9: 57 (1955). 

24. Khrcnberg, L., and Sieland, E., Effects of Pile Radiation on 
ttarlcy Seeds, J. Nuclear Energy, 1: 150 (1954). 

25. Mikaeisen, K., antl llalvorsen, H., Experiments on Respira- 
tion in Barley Seeds treated with Neutrons from an Atomic 
Pile, Physiol. Plant., 8: (1955) in print. 

26. Saeland, E., and Ehrenberg, L., A Differential Dosimetry of 
Pile Radiations Using Fe*+ Oxidation, Act. Chem. Scand. , 
6: 1133, (1952). 

Ehrenberg, L., and Saeland, E., Chemical Dosimetry of 
Radiations giving Different Ion Densities. An Experimental 
Determination ofG Values for Fe t+ Oxidation, JENER Publi- 
cation No. 8: (1954). 



Experience with B.E.P.O. 



By R. F. Jackson,* UK 



DESCRIPTION 

It is the purpose of this paper to discuss the develop- 
ment of experimental usage of B.E.P.O. from the date 
of its initial divergence in July, 1948, to the present 
day. It will be remembered the B.E.P.O. (the Harwell 
Pile) is a medium power graphite moderated experi- 
mental reactor containing 40 tonnes of uranium rods 
0.9-in. in diameter on a 7)^-in. lattice pitch, the 
reacting core being 20-f t dia. X 20-f t long. The reactor 
is air cooled and normally runs at 6 Mw heat output 
corresponding to a central thermal flux in the graphite 
of ~1.4 X 10" n/cm 2 /sec. On the top face of the 
reactor are 22 vertical experimental holes 4 in. in 
diameter, 16 of which enter through a top thermal 
column, while on the side experimental face are 40 
holes of which 23 penetrate to the opposite or control 
face, thus providing alternative experimental facili- 
ties, and a further proportion enter via the large side 
thermal column. There are in addition a limited 
number of large holes either 7J^-in. or 14^-in. square 
which extend to or below the reactor core. The un- 
loading of the uranium charge is by a "dry" method 
and thus both the load and unload faces of the reactor 
have plugged holes corresponding to each core channel. 
The access thus provided to each end of the core has 
not only proved most valuable operationally but has 
allowed considerable use to be made of core channels 
for experimental purposes. 

EXPERIMENTAL USAGE 

A current analysis of the experimental utilisation 
of the 95 primary experimental holes is given below: 

(a) 63 holes are in use: 12 for neutron beam experi- 
ments, 19 for isotope production, 9 for physics experi- 
ments, 9 for chemistry experiments, 6 for materials 
testing experiments, and 8 miscellaneous. 

(b) 16 holes are obscured by the equipment in use 
on adjacent holes. 

(c) 16 holes are currently available for use. 

It will be seen that the utilisation of this considera- 
ble number of holes is very high, the small number of 
holes not in use generally reflecting their poor flux 
position or relative inaccessibility. Of the 22 vertical 
holes all are in constant use. 

Experiments involving neutron beams such as neu- 
tron spectrometers, chopper monochromators, etc., 
are generally characterized by the bulk of the appara- 
tus required external to the reactor and by problems of 
scattered radiation from the beam both as a health 
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hazard and in respect of instrument background. The 
neutron source may variously be required from a posi- 
tion in the thermal column or from within the core, 
graphite blocks being suitably positioned in the hole. 
A neutron collimator usually occupies the last 3 or 4 
feet of the hole and can with great advantage in- 
corporate a neutron shutter. This enables adjustments 
to be made safely to the apparatus, eliminates un- 
necessary scattered radiation when the apparatus is 
not required and, not least important in a crowded 
experimental area, allows each beam in turn to be 
eliminated to find the culprit of a current radiation 
background I Some success is bei ig obtained from a 
very simple water shutter for this purpose, the colli- 
mater section being flooded or emptied at will by a 
small reservoir bottle. The large size of the B.E.P.O. 
core has allowed this type of experiment to proceed at 
three levels on the experimental face in the basement 
laboratory, at ground floor level and from cantilever 
platforms from the reactor face. Utilisation in depth 
has been obtained by bringing a beam away from the 
reactor face in an evacuated tube to a less congested 
floor area. 

As B.E.P.O. provides the bulk of the radioactive 
isotope production of the United Kingdom these 
facilities occupy an important part in the programme. 
The large requirement for P 32 and I 131 is met by the 
irradiation of kilogram quantities of sulphur and 
tellurium in 3 of the vertical experimental holes in 
3-in. dia. X 12-in. long containers; these are unloaded 
at weekly or fortnightly intervals during a reactor 
shut down. The greater proportion of the isotope pro- 
duction in B.E.P.O. is however for the irradiation of 
individual samples loaded into the standard 1-in. 
dia. X 3-in. long isotope can. As many as 500 samples 
may be in the reactor at one time and the great di- 
versity of irradiation time or dosage and the con- 
siderable accuracy with which these are required has 
necessitated methods for loading and unloading these 
samples while the reactor remains at full power. This 
has been achieved by installing a 4-in. square hori- 
zontal experimental hole an irradiation "belt" com- 
prising a continuous assembly of graphite blocks 
secured to a series of magnesium alloy link plates. A 
proportion of the graphite blocks have a cavity to 
contain an isotope can and the whole belt assembly is 
operated from a shielded mechanism at the face of the 
reactor and thus allowing samples to be inserted and 
withdrawn from the core at will. Six of these devices 
are now installed with a capacity of over 1000 samples. 
_ Requests for special irradiation conditions such as 
pure thermal flux, high fast flux, low temperature or 
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for special objects such as piston rings are catered for 
as they arise. During the early operation of the reactor 
some 200 of the reflector lattice positions immediately 
surrounding the core were used for the irradiation of 
large quantities of KC1 HNO etc., for sulphur-35 and 
carbon-14 production. An interesting current applica- 
tion is the irradiation in an empty lattice position of 
some 14 kg of antimony in the form of 12-in. long cans. 
These, after some six months irradiation, are with- 
drawn and used in conjunction with hollow beryl- 
lium cylinders to produce a neutron source of some 
10 l n/sec for a series of exponential experiments 
which had previously been conducted over a beam 
hole on the top face of the pile where the size of the 
apparatus and scattered radiation constituted a seri- 
ous problem to other experimental usage on the top 
face. The neutron source so produced is built into a 
concrete plinth and can be turned off and on at will by 
removal or insertion of the Sb cans relative to the Be 
tubes. An alternative set of Sb cans is meanwhile being 
re-irradiated. 

The vertical 4-in. diameter experimental holes 
which extend down to the reactor centre line have 
proved invaluable for the type of chemistry and metal- 
lurgy experiment where repetitive use is to be made of 
an experimental assembly perhaps with glass and elec- 
trical connections to external apparatus. The appara- 
tus can be assembled and tested externally in the 
vertical position (a scries of working platforms at 8 ft. 
intervals arc available at one end of the reactor for 
this purpose), it can then be transferred to the pile by 
means of the overhead crane without fear of stressing 
the assembly and, after irradiation, the remote control 
afforded by the use of the overhead crane in removing 
the assembly from the reactor and transferring it to 
a vertical mortuary hole allows several curies of ac- 
tivity to be handled without recourse to lead transfer 
vessels. These experiments are invariably designed to 
suit a standard 3% in. od aluminium guard tube and 
top plug assembly, the paraffin wax-borax-lead shot 
tilling of the top plug allowing complete flexibility of 
the arrangement of pipes and leads passing through it. 
This coupled with some standardisation of the ther- 
mos tat ting arrangements has allowed wide use and 
re-use of the same apparatus with only minor modi- 
fications. Here again a limiting feature to the use of 
the vertical holes can be the bulk of the external 
apparatus associated for instance, with chemistry 
type experiments involving sampling or circulating 
techniques. 

A useful facility which is being gradually extended 
is that of the pneumatically operated sample tube or 
"rabbit." In B.E.P.O. we have standardised on a 
1}''2-in. bore tube in which is transmitted a cigar 
shaped sample carrier l 1 ^-" 1 - max - diameter made 
of moulded bakelite with chopped nylon filler, this 
material having the most satisfactory strength-tem- 
perature-activity characteristics of any yet tried. The 
cap of the carrier is secured by a three start moulded 
thread (for quick release) and the carrier is blown in 
the requisite direction by compressed air to give an 



average velocity of 25-30 ft/sec. The air vented from 
the system is discharged to the reactor or a suitable 
duct. One such device serves the reactor floor for 
general use, two travel some 100 feet to an adjacent 
hot chemistry laboratory while the fourth makes a 
200-yard circuit to another building. A new circuit of 
500 yards is now under construction and a run of ^ 
mile is under active consideration. 

There are two 7J>-in. square experimental holes 
which run the full length of the reactor parallel with 
the uranium channels and in substitution of two of 
them near the core axis. In one of these holes, both of 
which enjoy full air cooling, there is currently a 10-ft. 
length of air cooled hollow slugs of inner aad outer 
uranium diameters of approx. 2? in. and 3j<t in., the 
slugs being in 1 foot lengths canned in aluminium with 
longitudinal finning 5J^ in. in diameter. This con- 
siderable volume of fast flux (fast/ thermal ratio 
approx. 4 times that in the lattice) is accessible from 
both ends of the reactor thus allowing two separate 
simultaneous uses. Vertical water cooled hollow slugs 
are available for use in top experimental holes, for 
instance one is used in connection with a liquid nitro- 
gen cooled irradiation facility, and small hollow slugs 
1^-in. od X 9^-in. id have from time to time been 
used in uranium channels. 

The growing importance of the engineering scale 
loop experiment is illustrated in B.E.P.O. so far by 
three examples. A sodium loop was operated success- 
fully for a year in a horizontal experimental hole, the 
second of the 7J^-in. square experimental holes on the 
core axis is currently occupied by a 48-ft. length of 
6 in. dia X 14 s.w.g. stainless steel tube in which a gas 
cooled loop is being operated at the appropriate condi- 
tions of temperature and pressure and two further 
uranium channels have been replaced by a pressure 
water circuit. Again the space occupied by the ex- 
ternal pumps, heat exchangers, shielding and control 
panels for loop experiments becomes a major problem, 
and as the operation of the reactor now becomes de- 
pendent upon the correct operation of the loop the 
integration of the loop control and safety circuits with 
those of the reactor becomes most important. 

OPERATION 

B.E.P.O. is one of the larger responsibilities of a 
Reactor Operations Group responsible for operating, 
maintaining and providing a close support design and 
workshop service to the Harwell research reactors. 
B.E.P.O., therefore, rates a full time operations engi- 
neer who is responsible in detail for the allocation and 
safe usage of the experimental facilities and for the 
operating programme. He is also responsible for all 
aspects of the operation such as uranium metal, oper- 
ating methods and levels, technical records and oper- 
ating staff. He has a shift staff of one engineer and two 
industrials per shift and a small daywork staff for 
active handling and housekeeping. The maintenance 
of B.E.P.O. is done to his operational requirements by 
a small section technically responsible to the Group 
maintenance engineer. A service of engineering design 
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assistance to experimentalists is provided by a design 
engineer of equivalent status to the operations engi- 
neer. While a small B.E.P.O. safety committee exists 
for the purpose of reviewing the general safety princi- 
ples involved in current experimental equipment and 
usage, the actual responsibility for the reactor safety 
must rest with the operations engineer. He is in- 
structed to seek and obtain the second opinion of the 
design engineer in appropriate circumstances. The 
policy of operation of B.E.P.O. for the past 7 years 
has been to use the position of the shift engineer as a 
training ground in reactor engineering for young 
mechanical or electrical engineers (already with full 
professional qualifications) prior to their becoming 
available for more responsible positions in reactor 
operation, maintenance, design or research. Two years 
on the operating shift of an experimental reactor 
allows an engineer to acquire the "feel" of reactor 
kinetics and of problems of activity and shielding as 
well as giving him the opportunity of seeing and 
assisting in the application of a wide range of physics 
and engineering principles to reactor problems. This 
point of training is emphasized because the operation 
and design engineers are in a position to contribute 
materially to the experimental utilisation of the re- 
actor by relating previous physics and engineering 
experience of the reactor to new circumstances or 
experimental requirements. They in fact represent the 
common stock of knowledge and experience in using 
that reactor. 

While the general policy of operation is determined 
by an Establishment Management Committee the de- 
tailed weekly programme is worked out by the opera- 
tions engineer at a weekly meeting at which reactor 
users stake their claims. During the early operation of 
the reactor, subject to guaranteeing a minimum pat- 
tern of operation to Isotope production, the small 
number and relative simplicity of experiments in prog- 
ress resulted in a programme of frequent periods of 
shut down and lower power operation during the week 
to suit special requirements. This culminated in the 
standard weekly shut down from approximately 6 am 
to 6 pm on Monday to allow isotope handling, main- 
tenance and rearrangement of experimental facilities. 
However, the increasing number of experiments which 
demanded steady maximum power, such as those in- 
volving counting or chemical rates of reaction, has 
resulted in a gradual change in programme so that be- 
tween the weekly Monday shut downs a change of 
power has now become the exception rather than the 
rule. This has required changes in design and tech- 
nique on the part of most pile users to make them as 
independent as possible of reactor shut downs for ef- 
fecting experimental changes. The water shutters and 
belt irradiation stringers mentioned above are typical 
of this trend. We are at present looking ahead to a 
pattern of operation at which fortnightly or monthly 
shut downs only may occur, though with a reactor as 
convenient to use as B.E.P.O. and containing as many 
experimental facilities we are also very aware of the 
desirability of leaving the reactor programme open to 



the "little man" with the simple experiment or the 
man who has a new idea which he wishes to try quickly 
as well as operating to the advantage of the well 
organised major user. 

Flux distributions through the core have been meas- 
ured by search boron thermocouples in several radial 
and longitudinal positions with the reactor at power. 
These, carried out from time to time, indicate that 
remote from heavy absorbers, especially the control 
rods, ilux distributions remain symmetrical and in 
good agreement with calculation. The central zone of 
the reactor is, however, heavily influenced by the 
control rods which, entering from the control face, 
may result: in the horizontal centre of tlux being dis- 
placed some 3 feet towards the experimental face with 
deviation from symmetry of up to 30 per cent in 
tlux on the central diameter. While the operations 
engineer can usually quote fluxes at a point to 10 per 
cent and will measure them on demand, all experi- 
mentalists to whom flux or integrated dose is impor- 
tant take steps to monitor these individually. Flux 
distribution in the thermal ccLumns, ion chamber 
holes, etc., have been plotted by indium foils at low 
power and an alternative standard method of measur- 
ing ilux at high power is by observation of the ft ac- 
tivity in small silica rods. 

Proper reactivity control and accounting has always 
been regarded by the operations engineer and his shift 
staff as an important part of their duties. For simplic- 
ity of understanding by engineering and industrial 
staff alike we have always chosen to refer to the effect 
of a certain amount of excess reactivity in terms of the 
time for the power to double in magnitude (the 
doubling time) rather than the e-folding time and we 
have further adopted as our small unit of reactivity a 
miilinile (or mn) equivalent to 10~ 5 in k (Harwell 
history relates an equivalence being drawn between 
the large "5" represented by 1 per cent and the big 
delta of the Nile!). Over the first few years' operation 
of the reactor an attempt was made to follow the 
change of reactivity with integrated dosage resulting 
from the compounded effect of graphite clean up, 
plutonium build up and growth of samarium poison. 
This was attempted by a series of quarterly observa- 
tions on the overall reactivity of the system making 
due allowance for minor changes in metal and experi- 
mental loading and adjusting all readings to standard 
conditions of temperature and pressure. This in turn 
precipitated most intensive efforts to calibrate the 
control rods and determine the graphite and uranium 
temperature coefficients and then to understand and 
explain the errors and difficulties encountered in these 
observations. Further, most careful measurements 
were made both by doubling time and control rod 
movement on the marginal change in reactivity 
associated with individual metal and equipment load- 
ing. In this way a detailed balance sheet was compiled 
at each quarterly reading from which the long term 
change in reactivity was deduced. Needless to say 
the observations, while conforming to the general form 
that would be expected were not of sufficient accuracy 
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to enable any corroborative deductions to be made, 
for instance, of the samarium yield. They did however 
result in the development of a most reliable and 
accurate doubling time meter, in creating a reactivity 
accounting system and in educating the operations 
staff to the principles, methods and values involved. 
This latter aspect has probably been of greatest 
overall value, as an engineer can probably teach him- 
self more about the neutron balance and kinetics of a 
reactor by a personally conducted experiment to 
calibrate a control rod followed by an attempt to 
relate this to his own predicted values than in any 
other way. Detailed observations on all reactivity 
changes are no longer attempted as these began to be 
restrictive of the very limited shut down time per 
week. The overall change of reactivity during a shut 
down is still measured and large changes of uranium 
loading and initial insertions of new apparatus arc usu- 
ally observed. In this way any major discrepancy is 
apparent and information on neutron economy of ap- 
paratus design is collected. 

For several years the method of start up was 
manual, the operator raising the two banks of 12 shut 
off rods and then withdrawing the control rods to a 
position which, in view of his knowledge of the re- 
activity of the system, shoaM result in a doubling time 
of some 10-15 seconds. Divergency was then first 
observed on an ionisation chamber in the range 
1 kw and the reactor was then controlled to the 
required final power. Latterly however, a prototype 
automatic start up circuit has been in service which 
provides a velocity signal to the control rod drives 
proportional to the out of balance between the sum of 
a reactivity signal and a power signal to a demand 
power signal. This has operated without fault for two 
years and is being incorporated in more final form in a 
current control modification. To assist the measure- 
ment of reactor power under shut down and during 
start up conditions a self maintaining Sb-Be source 
has been provided. This comprises some 8 hollow 
beryllium cylinders %-in. id X \%-in. od X 12-in. 
long which contain an inner rod of antimony metal, 
the whole being robustly sheathed in aluminium. 
These tubes placed in 2 empty uranium channels at a 
mean flux position provide at equilibrium a neutron 
source strength of 5 X 10 8 n/sec thus effectively 
multiplying the spontaneous fission rate X 1000 and 
resulting in a shut down reactor power at k = 0.98 of 
approx. 0.5 watts. This can be observed by an ionisa- 
tion chamber of low induced 0-y activity permanently 
situated in the thermal column. 

From the aspect of operational safety B.E.P.O. is 
clearly a docile reactor. The maximum metal rating of 
less than 0.5 Mw/tonne results in a maximum un- 
cooled rate of temperature rise of 2.5C/sec and allows 
considerable time delay before serious metal tempera- 
tures result from excessive power. The failure of the 
suction cooling system results in a rise in atmospheric 
pressure in the reactor hence in an increase in the 
nitrogen absorb t ion effect with loss of reactivity. In an 
experiment all cooling fans can be stopped instantly 



with the reactor at full power without serious tem- 
perature overshoot before restabilisation at reduced 
power. The maximum reactivity of the full core is 
~1.4 per cent but rarely is more available than the 
0.7 0.8 per cent required to satisfy the xenon and 
temperature effects. 

The initial design of the reactor included an in- 
genious but complicated apparatus for the semi- 
automatic loading and simultaneous unloading of the 
uranium channels, new cartridges being inserted at one 
end as the active cartridges were discharged into a 
lead shielded magazine at the other face. This mech- 
anism was never used operationally but was super- 
ceded by the simpler approach of manual discharge, 
using a flexible push rod, followed by visual observa- 
tion of an empty channel and re-charge as required. 
While appearing unambitious, this simple approach, 
preferring the visual and manual sensibilities of the 
operator to a pre-ordained automatic sequence, has 
proved preferable in almost every application about 
the reactor. This is probably due to the frequency 
with which the unexpected happens in an experi- 
mental reactor and the greatly increased difficulty 
with which an "automatic" may be repaired if it con- 
tains within it an active component. B.E.P.O. has 
sponsored the development of most valuable X-ray 
techniques for the examination of unirradiated and 
irradiated fuel elements and also of a variety of instru- 
ments for the detection of activity in the effluent air 
stream and particularly for the unique detection of 
the fission products resulting from exposed uranium 
within the core. The scanning system now in use 
allows the air from every channel to be sampled indi- 
vidually for fission products once in 4 hours, and 
results in detection of cartridge sheath failures before 
these become visible to normal inspection. Before this 
system was installed one early failure remained un- 
located for 48 hours and resulted in contamination of 
the channel from uranium oxide to an extent which 
so far prevents its further use for uranium loading. 

The cooling air is drawn through both inlet and 
outlet filters with a stopping power down to some 5/i* 
These outlet filters are easily handled by operators in 
face masks and protective clothing. It is interesting to 
note that the outlet air duct from the face of the pile 
to the outlet filters is still quite accessible under shut 
down conditions, radiation levels being generally 
below tolerance except in sight of the pile structure, 
while the ducts and fans on the downstream side of 
the filters have scarcely risen above background level. 

CONCLUSION 

B.E.P.O. provided a very large volume of experi- 
mental flux coupled with extreme simplicity of use 
and lack of stringent safety requirements in respect of 
design and compatibility of experiments. It proved 
most adaptable and is an excellent training ground for 
engineering and experimental staff alike. Other experi- 
mental reactors will provide higher fluxes, but reactors 
like B.E.P.O. will continue to perform valuable func- 
tions for many years. 
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DESCRIPTION 

The Materials Testing Reactor is a water-cooled, 
enriched-uranium thermal neutron reactor designed 
for the purpose of testing materials in high neutron 
fields. The fuel is in the form of approximately 3-in. X 
24-in. plates of aluminum-clad uranium alloy which 
are assembled in groups of 18 to 19 plates with cooling 
spaces between them to form the fuel assemblies. 
Figures 1 and 2 show the cross section and the overall 
form of a fuel assembly. Water flowing through the 
interstices serves as both coolant and moderator. 

The fuel assemblies can be loaded in any desired 
lattice configuration up to a 5 X 9 array. In practice 
not all of these lattice positions are occupied by fuel 
assemblies. Generally, a 3 X 9 array (a thin rectangu- 
lar slab) has been chosen since it gives a virgin neutron 
flux in the three adjacent experimental beam holes. 
A 5 X 5 array, geometrically centered in the reactor, 
while giving a higher reactivity for a given uranium 
content, provides fewer beam holes having such high 
fast flux. 

In the unused lattice positions and surrounding the 
lattice region, beryllium is placed as a reflector. These 
parts of the reactor are situated in an aluminum tank 
54 in. in diameter. This tank is part of a well in the 
reactor structure through which water for cooling both 
the fuel and the reflector flows at a rate of 20,000 gpm 
to remove the 30,000 kw of heat produced by the 
reactor. Outside the tank there are a secondary re- 
flector of graphite, an iron thermal shield, and a bio- 
logical concrete shield, the outer dimensions of the 
whole forming essentially a cube approximately 34 feet 
on a side. The structure outside the tank is cooled by 
1,700 pounds per minute of air which is pulled through 
the structure by compressors and discharged up a 
250-ft stack. 

The cooling water system consists of a seal tank, 
vacuum spray evaporators, a sump tank, pumps, and 
a high head tank. From this high tank the water is 
recirculated through flowmeters to the reactor tank. 
Heat is removed from this primary cooling system by 
another water stream which passes through the con- 
densers in the spray evaporators to a forced-air-draft 
cooling tower. 

* Manager, Phillips Petroleum Company, Atomic Energy 
Division, Idaho Kails, Idaho. 

t Assistant. Manager, Phillips Petroleum Company, Atomic 
Energy Division, Idaho Falls, Idaho. 



To permit full use of the Materials Testing Reactor 
a large number of experimental openings have been 
provided. Spare positions in the lattice or positions in 
the beryllium reflector are available for experiments 
not requiring space larger than 3 X 3 X 36 in. About 
17 beam holes penetrate the reactor structure radially 
to the reactor tank, some of them to the long sides of 
the lattice section. About 100 holes penetrate into the 
graphite region. Two pneumatjc shuttle holes run 
beside the narrow side of the lattice section and four 
hydraulic shuttle holes run vertically adjacent to the 
lattice. 

The control elements of the reactor are of three 
types: the fuel-cadmium shim rods, the beryllium- 
cadmium shim rods, and the regulating rods. The fuel- 
cadmium shim rods are so constructed that when fully 
raised to their upper limits, a section containing fuel in 
substantially the same form as the fuel assemblies 
resides in the core. When these shim rods are released 
by magnetic clutches, attached to the actuating 
members suspended from the reactor top plug, the 
rods fall to a lower position bringing their cadmium 
section into the fuel core. The beryllium-cadmium 
shim rods are similar to the fuel-cadmium shim rods 
except that in place of fuel there is a beryllium section 
which becomes a part of the reflector when these rods 
are raised. Bearings for all shim rods are located so 
that eight positions of the lattice may be occupied by 
either type of shim rod. Outside the lattice there arc 
four positions into which the third type of control 
element, the regulating rod, may be fitted. These rods 
contain a cadmium section, but because of their size 
and location they exert a relatively small effect. 
(<0.75 per cent Ak/k) on the reactivity. The regu- 
lating rods are actuated by motors on the reactor top 
plug and are subject to the commands of a servo- 
mechanism. 

There are two separate servo channels, each associ- 
ated with a regulating rod. Either channel may be 
used, the other acting as standby. The fine control of 
the reactor is accomplished with the regulating rod; 
the coarse control by means of the shim rods. Position 
indicators for the shim rods have been provided which 
read zero when the rods are fully inserted, and 30 
inches when the rods are at the upper limit positions. 
The corresponding values for the regulating rods are 
, zero and 22 inches. 

A more detailed engineering description of the 
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MTR has been published elsewhere. 1 Figures 3, 4 and 
8 serve to clarify the brief description given here. 

OPERATION 
Startup 

The unique features of the MTR are thin-plate fuel 
assemblies, slab geometry, high specific power, and 
high excess reactivity. It is the first reactor having 
these features which has been operated above the flux 
range of 10 14 thermal neutrons per square centimeter 
per second. Considerable care was therefore taken in 
bringing the reactor to criticality and to full power 
operation. 

Criticality was attained on March 31, 1952 with 11 
fuel assemblies and the contributions from part of the 
fuel in two shim rods. The assemblies contained 140 
grams U 28B and the shim rods 110 grams. They were 
loaded in the northeast corner of the lattice, the re- 
maining lattice positions being filled with beryllium 
pieces or dummy fuel assemblies. With due precau- 
tions the full slab loading in a 3 X 9 array was attained 
and calibrations of all instruments and control rods 
were determined. The reactor power was increased in 
short steps from 1 Mw to 30 Mw with constant ob- 
servation of the temperature rises in the water flowing 
through each fuel assembly. Full design power was 
reached on May 22, 1952, The MTR has been oper- 
ating ever since with essentially no major shutdowns 
other than those required for reloading fuel and chang- 
ing experiments. 

From studies during the startup and early operation 
periods, several interesting characteristics of the re- 
actor were observed. When a freshly loaded 3X9 core 
(140-gram assemblies) is first brought to power, the 
four fuel-cadmium shim rods, located in the center 
row, are only withdrawn 16^ inches of their full 
30-in. travel. Flux mapping by means of cobalt wires 
indicated that the lower half of the reactor was carry- 
ing most of the load. As the reactor operated, the shim 
rods were gradually withdrawn and the vertical flux 





OUTSIDE FUEL PLATE - 
STANOAftD FUEL PLATE 

Figure 1. MTR cross section of fuel assembly 



Figure 2. MTR fuel assembly 

pattern gradually approached the cosine distribution 
normally expected. Several flux maps of the core were 
taken at various positions of the shim rods as the re- 
actor burned fuel. Figure 5 shows three of these for 
the central fuel position (2-5) and for a corner position 
(1-1) in the 3 X 9 array. Since the MTR is designed to 
operate without exceeding the boiling point of water 
in the lattice (~250F) the power levels of operation 
are restricted by the unusual peaking of neutron flux 
since the maximum -to-average plate temperatures are 
higher than for the normal cosine distribution. 

For a small heterogeneous reactor like the MTR, the 
relative value of each fuel assembly is difficult to 
calculate. The statistical weight of each fuel position 
was therefore determined experimentally by inserting 
poisons in the form of iron wires and measuring their 
effects on the reactivity. Similarly, a weighting of each 
position was obtained by measuring the heat output 
of each assembly. Figure 6 gives these results. At the 
time these data were taken there was an experimental 
opening in the reflector on the east side of the lattice, 
thus accounting for the low values on that side. 

As indicated by the statistical weight and as veri- 
fied experimentally, the center two fuel shim rods are 
twice as effective as the outer two rods. 

Operating Cycles 

When the MTR first started power operation in 
May 1952, 23 fuel assemblies and four fuel shim rods 
were loaded in a 3 X 9 configuration. The fuel assem- 
blies contained 140 grams U 286 each and the shim rods 
contained 110 grams U 286 each, giving a reactor active 
mass of 3660 grams U 286 . This loading (Charge 1) was 
operated at power until it shut down because of re- 
activity losses due to fuel depletion and buildup of 
fission product poisons (this is called a burn-out cycle). 
The total energy produced by Charge 1 was 376 Mwd 
(megawatt days), roughly equivalent to 12J^ days at 
full power. The average fuel burnup was approxi- 
mately 13 per cent. 

The type of loading used for Charge 1 was continued 
for several subsequent cycles, but as the reactivity of 
the reactor was reduced by the increasing load of 
experiments, it became apparent that more reactivity 
was desirable. The fuel contents of the fuel assemblies 
and shim rods were increased 20 per cent to 168 grams 
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Figure 3. MTR horizontal section 
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and 132 grams, respectively. These fuel units pro- 
duced a total energy of about 740 Mwd when loaded 
in a 3 X 9 core and operated in a burnout cycle. The 
average fuel burnup in these assemblies was about 21 
per cent. This greatly reduced the number of new fuel 
assemblies required per month and consequently re- 
duced the number of used assemblies that had to be 
chemically processed to recover the remaining IF 36 . 

It also became apparent during the early phases of 
MTR operation that it was economically unwise to 
change shim rods every cycle because the cost of a 
shim rod was about ten times that of a fuel assembly. 
Therefore, starting with Charge 3, shim rods were 
used for two cycles each while fuel assemblies were 
used for only one cycle. In general, only two shim rods 
were changed each cycle. In order to take advantage of 
the higher statistical weights of the inner shim rod 
positions, the shim rods were placed in the 2-4 and 2-6 
lattice positions for their first cycle in the reactor and 



in 2-2 and 2-8 positions for their second cycle. Since 
then the number of cycles shim rods are used has 
greatly increased, some having been in the reactor for 
as much as 5500 Mwd of operation. This operational 
procedure results in slightly less fuel burnup in fuel 
assemblies and shorter burn-out cycles, but is more 
economical. 

A small increase in reactivity of the MTR with 
resultant increase in total energy per cycle was accom- 
plished by reducing the thickness of the fuel assembly 
side plates from ?ie in. to }g in. The corresponding 
change in the aluminum-water ratio was 0.732 to 
0.664. 

In the burn-out cycles, which were used through 
Charge 14, the reactor was run at 30 Mw until it died 
a natural death, i.e., until no excess reactivity re- 
mained. This occasionally resulted in reactor shut- 
* downs at inopportune times such as week ends or 
holidays. The lack of scheduled shutdown time became 



MTR PROGRAM AND OPERATION 



273 




274 



VOL. II 



P/485 



USA 



R. L DOAN and J. R. HUFFMAN 



more and more troublesome as the load of experiments 
and special maintenance work during shutdowns in- 
creased. This problem, and the fact that fuel burnup 
in the end positions of the 3X9 core was only half 
that at the core center, led to the adoption of the two- 
week cycle in June 1953. The two-week cycle involved 
a regularly scheduled shutdown every other Monday. 

Use of the 168-gram fuel assemblies in a burn-out 
cycle had produced continuous power operation for 
about 23 days while with the two-week cycle only 12 
days operation (two days shutdown) was desired. Thus 
only a partial loading of new fuel was required for 
each cycle and each fuel assembly was used for two or 
three two-week cycles. By starting the new assemblies 
in the high neutron flux (also high statistical weight) 
positions for succeeding cycles it was possible to 
eliminate largely the problem of uneven burnout and 
at the same time obtain maximum reactivity from a 
given loading. These procedures coupled with careful 
calculation of the fuel requirements for each cycle 
resulted in substantially higher average fuel burnups 
per assembly and associated economy. In 11 two-week 
cycles (Charges 12-25), in which shim rods were used 
about five cycles each, an average of about nine fuel 
assemblies were added each cycle. The average fuel 
burnup for these assemblies was about 31 per cent. 

Although the two-week cycle was satisfactory in 



that it provided regularly scheduled shutdowns, the 
frequency of these shutdowns resulted in overloads of 
work. In the interest of obtaining a three-week cycle 
coupled with economical use of fuel, i.e., high burnup 
percentages, a 5 X 6 loading was tried for several 
three-week cycles. However, these loadings were not 
acceptable to the experimenters because of the re- 
duced neutron flux in several of the larger irradiation 
facilities, principally the through hole (HT-1) and the 
three beam holes on the north side of the reactor. 
Therefore, the reactor was again loaded in the 3X9 
core which provided the maximum flux "peaking" in 
the most useful experimental holes. 

The number of experiments either loaded into the 
reactor or discharged, as well as the complexity of ex- 
periments, continued to increase. As a result of this the 
length of each shutdown became an appreciable part 
of the two-week cycle. Shutdowns of three to four 
days were not uncommon. In order to attain an 
economical three-week cycle the fuel content of the 
assemblies was increased to 200 grams of U 235 each in 
May 1954. The reactor has bee.i operating with a 
three-week cycle and a 3 X 9 loading since that time. 
A determination of average percentage fuel burnup 
per assembly has not yet been made from operating 
data. However, a fuel burnup per assembly of about 
40 per cent is probably attained. 
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Figure 5. Vertical flux traverses in fuel assemblies 
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Figure 6. MTR statistical weights for poisons 3X9 lattice 

Numbers in lattice position show measured relative statistical weight for that position. (W) Values in brackets were estimated from measured values. 
Values in parentheses were computed from temperature rise across assemblies (< 2 ). Per cent of total power produced by each fuel assembly. (%) 



The various changes in MTR operating cycles have 
made it possible for the MTR to better fulfill the 
needs of experimenters. They have also resulted in 
substantial economies due to reduction of the number 
of fuel assemblies and shim rods required per unit of 
power output. For example, the initial loading re- 
quired approximately six fuel assemblies and one shim 
rod per 100 Mwd, while corresponding requirements 
are now about 1.5 and 0.1, respectively. 

Mixed Loadings 

To obtain the lowest operating costs under circum- 
stances using mixed loadings of fuel assemblies, it is 
generally necessary to load the minimum number of 
new fuel assemblies for the specified megawatt days of 
operation. A method has been devised whereby this 
can be calculated. 

For a fully depleted core which is just critical with 
all shim rods withdrawn, and for a given experimental 
load, the quantity of fuel remaining unburned has 
been found to be essentially a constant. Knowing the 
relative worth of a gram of U 235 , the relative thermal 
neutron flux for each position in the lattice, and the 
average grams U 23B burned up per megawatt day of 
operation, the quantity of new fuel required can be 
determined. 

1234 



Figure 7 gives the relative weights for fuel and the 
relative fluxes for the 3X9 lattice positions. By trial 
and error methods, partially burned out fuel assem- 
blies and new fuel assemblies are located in the 3X9 
lattice until the proper loading is obtained. The only 
restriction is that new (200-gram) assemblies cannot 
be placed in positions where plate temperatures will 
exceed the boiling point of water, i.e., in positions of 
high flux. This restricts them to the outer positions of 
the lattice. If the experimental load is changed, correc- 
tions to the depleted mass of U 235 can be made. 
Roughly, 100 grams U 235 are equivalent to one per 
cent Ak/k. 

Fission Breaks 

The major activity in the process water in the initial 
stages of operation was due to Na 24 . The activity two 
hours after leaving the reactor was: Mg M , 78 dps/ml; 
Na 24 , 276; long-lived, 10; and total 364 dps/ ml. The 
Na 23 content of the water can account for about 
20 dps/ml, so that the majority of the Na 24 activity is 
apparently coming from the Al 27 (,a)Na 24 reaction, 
i.e., recoils from the action of the neutrons on the 
aluminum in the reactor. During these initial stages, 
the activity level near process water piping was about 
50-100 millirocntgens per hour. After about one year 
of operation a section of piping was removed and 
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Figure 7. MTR statistical weights for fuel and relative fluxes 3X9 lattice 
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examined. Etching of the surface indicated that ac- 
tivity was "plating out" on the surface. Occasional 
spent fuel assemblies showed, by visual inspection 
under water, blemishes on the lower half of the outside 
concave fuel plate. No particular concern was raised 
since these were attributed to rubbing or scouring of 
the surface during handling procedures. 

In the summer of 1954 the gross beta and gamma 
activity of the process water increased considerably 
and during the fall of 1954 suddenly increased to 
40,000 dps/ml. Closer examination of the outside fuel 
plates showed a higher percentage of blemishes and 
disclosed some breaks through the aluminum cladding, 
thus permitting fission product escape into the water. 
These breaks and blemishes were discovered to be due 
to the bulging outward of the concave plates to the 
extent that they touched the surfaces of the fuel plates 
on the adjacent fuel assemblies. Thus higher tempera- 
tures existed on the aluminum surface, and possibly 
even melting, so that the cladding was destroyed. 
Pressure measurements were made to determine the 
differential pressures acting on the plates and it was 
discovered that forces existed which would cause the 
outer plates to bulge. Bench tests confirmed this 
fact. By slight adjustments in the dimensions of the 
lower end boxes on the fuel assemblies so that safe 
differential pressures were obtained, this difficulty has 
been eliminated. To provide a greater safety factor, 
the fuel plate and side plate thicknesses were also 
increased slightly. 

The main consequence of this difficulty has been a 
greatly increased activity ou the pipe walls of the 
process water system and in the MTR tank. Activities 
as high as three roentgcns per hour were obtained at 
contact on the outside of tanks and pipes in the process 
water system, compared to 50-100 milliroentgcns per 
hour. Activities as high as five to seven roentgens per 
hour were obtained inside the MTR tank where it is 
necessary to work in order to change a number of 
experiments. This activity of course died off to a great 
extent after the source of activity was removed from 
the system and normal operation was resumed; how- 
ever, on a short-term basis it did create operating 
problems by limiting the working time in the MTR 
tank and the available time for maintenance of the 
process water system. During normal operation it 
causes no problems since all of the system is well 
shielded. 

A second consequence has been the plating out of 
detectable quantities of U 236 on parts of the reactor in 
the flux zone. This was confirmed by activation 
analysis on scrapings. Aluminum parts in the active 
zone of the reactor have an estimated amount of 
6 X 10^ 7 grams U 235 per square centimeter of surface. 
This is responsible for the present more or less con- 
stant activity level of 10,000 to 15,000 dps/ml in the 
process water. The burnout of this U' 235 will require 
considerable time but is no great problem if proper 
precautions arc taken to ilush the system for shutdown 
operations inside the reactor tank and for maintenance 
of the process water equipment. 
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Fission Break Monitoring 

During the course of operation of the MTR, con- 
siderable experience has been gained in the reliability 
of fission break monitors. The high pressure ion 
chambers used at various spots in the water system 
have proven unsatisfactory. Their action is too slow to 
prevent contamination of the whole system and their 
background activity generally is too high because of 
dirt accumulation to permit their full sensitivity. 

Considerable effort has been devoted to the develop- 
ment of new types of fission product monitors. A 
prototype of one of these types has been in operation 
for several months. This instrument relics upon the 
continuous isolation of fission product iodine activities 
using ion exchange resin columns. This is accomplished 
by passing a side stream from the water system first 
through a small cation column which removes virtu- 
ally all activity due to cation fission products and any 
activity not due to fission products and, second, 
through an anion column upon which is collected 
essentially only fission product iodine, tellurium and 
molybdenum. The integrated activity on the anion 
column is viewed with a scintillation detector utilizing 
energy discrimination to bias out the gamma radia- 
tion due to all activities but those of 6.7-hr I 135 . There 
results a device which exhibits sensitivity only to fresh 
fission product activities in the water stream, thus 
giving a measure of the rate of production of fission 
products. This offers a decided advantage in monitor- 
ing a recirculating water system since it allows the 
determination of recurring fuel ruptures with no 
interference from large quantities of long-lived fission 
products and other elements which may be present in 
the water. The device reaches equilibrium after a few 
hours on stream and from experience gained in the 
recent fission breaks indicates an improvement by a 
factor of several hundred in sensitivity to fission 
product activity. 

MTR RESEARCH PROGRAM 

The research program at the MTR is designed to 
lake advantage of the unique characteristics of this re- 
actor, principal among which are its very high neutron 
flux and the very high gamma intensity of its spent 
fuel assemblies. The major portion of the reactor 
program originates in laboratories external to the 
MTR that are carrying on research in connection with 
the United States Atomic Energy Commission re- 
actor development activity, isotopes investigation or 
related studies. Sponsoring laboratories design and 
build their own equipment in consultation with the 
MTR project engineering organization, then send it to 
the MTR for installation in the reactor. Observations 
may sometimes be made during the course of irradia- 
tion; in other cases the irradiated specimens are re- 
turned to the sponsoring laboratories for detailed 
studies. 

In addition to the sponsored experimental program, 

a substantial amount of research activity around the 

* reactor originates with the MTR technical staff. In- 
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eluded in this are (1) a cross sections measurement 
program utilizing both a neutron fast chopper and a 
crystal spectrometer installed in two separate beam 
hole locations, (2) investigation of reactivity effects 
clue to progressive burnup of fuel assembly compo- 
nents, utilizing a precision reactivity measurement 
facility, (3) investigation of metallurgical effects due 
to progressive burnup of fuel assembly components, 
(4) heavy isotopes studies, (5) investigation of film 
boiling and related effects, and (6) studies of higher 
order neutron reactions. 

An increasing amount of research is being sponsored 
and paid for by private industrial concerns under the 
MTR commercial irradiation program. The major 
part of such work to date consists of gamma irradia- 
tion studies utilizing various geometrical arrays of 
spent fuel assemblies in which gamma intensities as 
high as thirty million roentgens per hour can be real- 
ized for short periods. As the fission product activity 
decays the available intensity decreases but even 
after several months the intensity still is of the order 
of 100,000 roentgens per hour. The supply of spent 
fuel assemblies is replenished at regular intervals from 
refueling operations in the reactor. 

Effect of Irradiation -r.i Physical Properties 

As its name implies, the Materials Testing Reactor 
was designed primarily to serve as a facility for in- 
vestigating the physical integrity of various materials 
and reactor components in the presence of highly in- 
tense reactor radiations. Some of this work takes the 
form of "before" and "after" experiments and some 
is in the nature of "in-pile" experiments in which 
certain observations are made while the specimens are 
in the reactor. 

When fast neutrons or energetic fission fragments 
collide with metal nuclei, atoms are displaced from 
their lattice positions, resulting in changes in such 
physical properties as conductivity, creep rate, hard- 
ness, tensile strength, etc. The magnitude of the 
effect is dependent upon the integrated nvt, or number 
of neutrons incident on unit area of the specimen over 
the total exposure time. Tn some cases the changes 
brought about by fast particle bombardment can be 
annealed out at elevated temperatures, making it 
necessary for quantitative work to maintain rather 
close temperature control over experimental samples 
during the time they are exposed to reactor radiation. 

Gamma rays and slow neutrons cause very little 
radiation damage in metals but may bring about large 
changes in the properties of certain organic liquids 
and plastics principally by ionization produced both 
directly and by excitation electrons. Again the effect is 
proportional to the total integrated dose. Beneficial 
effects can be produced in some instances by con- 
trolled dosages, as exemplified by the increase in 
strength, hardness and temperature resistance of cer- 
tain plastics due to cross linking of the polymer. 

The MTR makes an ideal facility for studying 
radiation damage since very high intensities of both 
fast and slow neutrons are available in a number of 




Figure 8. MTR reactor tank horizontal cross section maximum thermal 
flux values at mldplane 

experimental positions in or near the reactor lattice. 
Fast neutron fluxes of 1 to 2 X 10 14 and slow neutron 
intensities as high as 3 to 5 X 10 14 are accessible both 
inside the core tank where it is necessary to leave the 
experimental samples throughout the fuel cycle and 
also through several hydraulic rabbit channels where 
capsules can be inserted and removed from the outside 
while the reactor is in operation. Several large beam 
holes are available in which elaborate engineered ex- 
periments can be installed for investigating radiation 
damage to specimens under various temperatures and 
pressures of coolant flow. 

Figure 8 gives the thermal neutron flux values at the 
vertical mid plane of the reactor for various positions 




Figure 9. MTR reactor tank horizontal cross section fast neutron flux 
values at mldplane 
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Figure 10. MTR reactor tank horizontal cross section gamma heat flux at 
midplane 

inside the reactor tank. In the beryllium adjacent to 
the north and south faces of the lattice, fluxes of 3 to 
5 X 10 M neutrons per square centimeter per second 
are obtained. Figure 9 is a similar map of the fast 
neutron flux contours. 

The thermal neutron fluxes in the graphite /-one, 
outside the reactor tank, vary from 5 X 10 l8 down to 
1 X 10 12 at the thermal shield. The fast fluxes outside 
the tank fall off very rapidly and are generally not 
considered useful. At the inside face of the thermal 
column the thermal fluxes are about 10 11 ; at the outer 
face eight feet farther out they are 10 7 . The cadmium 
ratio, i.e., the ratio of thermal neutrons to epi cadmium 
neutrons, at the outer face of the thermal column is 
greater than 10 6 . 

High gamma-ray fluxes also exist in the MTR. In the 
lattice section they produce a heat evolution of four- 
teen watts per gram of absorbing material. Figure 10 
is a contour map of this heat generation for positions 
inside the reactor tank. 

Reactivity Measurement Facility 

Because a cold clean reactor is required for most 
precise measurement of reactivity effects, the MTR 
itself is not suitable for such work. It does however 
provide an excellent medium for achieving rapid 
burnup of fissionable material in test specimens whose 
reactivity changes can then be determined precisely in 
a suitably designed reactor operating at zero power. 
Such a test facility, called the RMF, has been con- 
structed and installed in the MTR canal. 

The RMF consists of a rectangular vertical array of 
30 MTR fuel assemblies with a large square opening 
in the center achieved by leaving out four fuel as- 
semblies. One of the unusual features of this reactor is 
the marked variation in the sensitivity to fuel and 
poison at different positions in this test hole. This 



permits experiments to separate fuel and poison 
effects. Test specimens whose reactivity worth is to be 
measured are placed in this central opening and 
evaluated by determining the difference between the 
positions of a calibrated control rod with and without 
the specimen inserted in the reactor. Good stability 
has been achieved both with respect to temperature 
variations and geometrical perturbations when work- 
ing with cold samples. No measurements have yet 
been made on irradiated samples. It is likely that some 
small temperature gradients will be set up by absorp- 
tion of gamma radiation in the surrounding water, but 
this is not expected to be serious. 

Non- Destructive Assay of MTR Fuel Assemblies 

MTR fuel assemblies are not fabricated at the 
National Reactor Testing Station, but are supplied 
by an outside contractor. One of the inspection prob- 
lems which arises when a new shipment arrives at the 
MTR is that of making an independent determination 
of the amount of fissionable material in each assembly. 
The assay must be mm-destrjctive and must be 
sufficiently quantitative to be useful. 

This problem has been solved successfully by utiliz- 
ing a beam of thermal neutrons from the MTR. Each 
fuel assembly is placed in turn in the path of the neu- 
tron beam so that the direction of the beam is at right 
angles to the fuel plates. The resultant fission neu- 
trons, after thermalixation in paraffin wax, are meas- 
ured by proportional counters placed on both sides of 
the fuel assembly. All of the measurements are relative 
to carefully determined standards. The relative pre- 
cision with which the amount of fissionable material 
can be determined at various positions along the fuel 
assembly is of the order of 3 per cent. 

Isotope Studies 

The high neutron flux in the MTR greatly facilitates 
the study of isotopes produced from parent isotopes 
with low neutron cross section or by higher order neu- 
tron reactions with relatively short-lived intermediate 
isotopes of high cross section. Prolonged irradiation 
of transuranium isotopes has resulted in a wide 
variety of heavier nuclei, chief among which is the 
new element with atomic number 100 recently dis- 
covered by University of California scientists. 

(,/>) reactions having such a low cross section as to 
pass unnoticed in reactors with a lower neutron flux 
may turn up unexpectedly in the MTR. A recent 
example of this is the inadvertent production of an 
unanticipated gamma activity in some nickelous oxide 
which was being irradiated in the reactor for the 
purpose of activation analysis. Investigation by scin- 
tillation counter analysis showed the activity to be 
due to 72-day Co 68 which is produced by (n,p) reaction 
of Ni 68 with an effective cross section estimated 
to be of the order of ten millibarns. The most im- 
portant result of this observation is the possibility 
which it opens up for the production of substantial 
quantities of this gamma-emitting isotope in an 
essentially carrier-free condition which should prove 
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to be exceedingly useful for a wide variety of tracer 
investigations. 

Neutron Cross-Sections Studies 

At two of the six main beam holes radiating out 
from the MTR active lattice are installed two major 
pieces of equipment for studying nuclear resonances. 
One is a neutron crystal spectrometer and the other a 
fast chopper velocity selector. The main components 
of both were fabricated by the Brookhaven National 
Laboratory based on equipment in successful opera- 
tion there. The electronics control and measurement 
circuits were developed and built by the MTR staff. 

The crystal spectrometer is equipped for remote 
manual and automatic operation. Using the 240 planes 
of a %iQ-in. slab of natural NaCl in transmission, 
counting rates of 500,000 counts per minute at 0.07 ev, 
12,000 counts per minute at 1 ev and 3.000 counts per 
minute at 10 ev have been obtained. For a detector 
system, two 24-in. X 2-in. diameter proportional 
counters filled to 40 cm mercury pressure with B 10 F :i 
are operated in parallel. An automatic data-taking 
system has been installed which records directly on 
an electric typewriter all significant data from the 
spectrometer in a form convenient for computation 
and permanent storage, ^hese data include the arm 
angle, total monitor count, crystal position, sample 
identification, atomic number and atomic weight, 
and the total detector count. Among the more im- 
portant results obtained with this equipment to date 
is the detection of a new tantalum isotope, Ta 180 , by 
the Knolls Atomic Power Laboratory mass spectrom- 
eter group, to whom the resonance information was 
supplied with the suggestion that the search be made. 

The fast chopper rotor spins at 6000 rpm and trans- 
mits neutrons for one microsecond out of every 1250. 
Energy values can be assigned to the detected neu- 
trons by measuring the time required to travel the 30 
meters from the rotor to the detectors. The drift tube 
is evacuated to the point which essentially eliminates 
the 40 to 50 per cent loss of neutrons which would 
occur in an equivalent air path between the chopper 
and detectors. The detector system consists of 28 
aluminum-walled BF 3 proportional counters oper- 
ating in parallel. The time-of -flight circuit consists of 
100 consecutive channels following a variable time 
delay from the triggering light pulse. At present a one- 
microsecond channel width is being used but this can 
be modified by changing the mass oscillator frequency 
used to generate the timing sequence. The resolution 
obtained is of the order of 0.1 microseconds per meter. 

Resonance parameters for silver, tantalum and 
several other isotopes have been determined in the 
course of checking out the equipment. New informa- 
tion that came out of this work included the splitting 
of the tantalum resonances at 24 ev and 35 ev. 

Isotope Production 

Because of its high neutron flux the MTR produces 
most of the high specific activity radioisotopes used 
in the USAEC program. Approximately 75,000 curies 
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Figure 11. MTR gamma irradiation facility decay curves of spent fuel 
assemblies 

of Co 60 have been produced to date, more than half of 
which had an average specific activity of 40 curies 
per gram or better. Certain samples have ranged 
as high as 90 curies per gram. Most of the high 
specific activity materials are employed in teletherapy 
equipment. 

Next to Co 80 , the radioisotope most in demand for 
production in the MTR is Tm 170 . The utility of radio- 
active thulium as a portable X-ray source was first 
pointed out by the Argonne National Laboratory. 
This isotope emits soft gamma rays of approximately 
85 kev with a half life of 139 days. By mounting a 
small pellet of thulium metal or oxide at the "focal 
point" of a small lead-shielded source box and pro- 
viding the box with a suitable shutter device, one has 
the radiation equivalent of an X-ray tube operating at 
85 kev. The thulium source has two major advantages 
over the comparable X-ray equipment; one is lower 
cost and the other is portability. Since the thulium 
pellets needed for radiation sources are small, ap- 
proximately J^-in. diameter by }<-in. long, several of 
them can be activated simultaneously in a relatively 
small space inside the reactor. They are encased in an 
aluminum capsule roughly one inch in diameter by 
one inch long which may be irradiated in any one of a 
number of locations in the water-cooled reflector ad- 
jacent to the reactor core. In the highest flux position 
a specific activity of approximately ten curies (equiv- 
alent gammas) per gram can be attained in one 
reactor fuel cycle of about three weeks. 
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Other isotopes that have been produced in the 
MTR include P 32 , Na 24 , Ce 140 , Hg 204 , Sb 122 , Se 76 and a 
number of transplutonium isotopes. 

Gamma Irradiation Studies 

MTR fuel assemblies after removal from the reactor 
constitute the most intense source of gamma radiation 
known. Stored in the canal underneath the reactor, 
they produce a brilliant Cerenkov glow in the sur- 
rounding water which can readily be seen with all the 
house and canal lights turned on. Neutron fields of 
the order of 1C 4 neutrons per square centimeter per 
second are produced in the water immediately ad- 
jacent to the fuel assemblies newly removed from the 
reactor due to photo disintegration of the small 
amount of deuterium present in the water. 

Gamma intensities as high as thirty to forty million 
roentgens per hour exist in the immediate neighbor- 
hood of fuel assemblies that have just been removed 
from the reactor. Both the intensity and spectrum of 
the gamma rays change rather rapidly during the 



first few weeks of storage due to fission product decay 
which approximately follows the Borst-Wheeler 
curves. Figure 11 shows the gamma intensity in 
roentgens per hour obtained as a function of decay 
time at three inches from the center of a fuel assembly 
and inside a grouping of fuel assemblies in the gamma 
facility in the MTR canal. The serrated line for the 
facility indicates the new loadings made each time 
assemblies are discharged from the reactor. By group- 
ing the fuel assemblies into appropriate configurations 
during their storage period in the canal, several gamma 
irradiation facilities of very high radiation intensity 
are provided. These facilities have been extremely use- 
ful in a wide variety of investigations including radia- 
tion damage to organic liquids, plastics, glass, etc., 
cross-linking of plastic polymers, food sterilization, 
and the preservation of vegetables and meats. 
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The research programs at the Oak Ridge National 
Laboratory which make use of reactors or reactor 
products primarily use the two general-purpose re- 
search reactors. These are the normal-uranium, 
graphite-moderated reactor and the Low Intensity 
Testing Reactor. It is interesting that neither of these 
was built expressly as a long term research reactor but 
each has been adapted to this usage. 

The research work involving usage of these reactors 
covers a wide range of fields in both pure and applied 
research including the following: basic studies of neu- 
tron and radiation properties, solid state structure 
and phase transitions by use of neutron spectroscopy, 
radiation damage of materials, radiation effects in 
chemistry, radioactivatio* analyses of trace impuri- 
ties, biological effects of radiation, reactor develop- 
ment, and radiation monitoring development. 

Another important usage of these reactors is I he 
preparation of radioisctopes for world-wide usage. 

Training of personnel in reactor technology is an- 
other important phase of the work. Two programs are 
devoted to this work. One is the Oak Ridge Institute 
of Nuclear Studies (ORINS) which concentrates on 
the uses of radioisotopes. The other is the Oak Ridge 
School of Reactor Technology which teaches the 
principles of reactor theory, design, and usage. In ad- 
dition to these formal programs, faculty members 
from universities all over the United States do special 
research work at the reactors especially during the 
summer months. 

This report describes these reactors and the research 
facilities available. 

GRAPHITE REACTOR 

The Oak Ridge National Laboratory's graphite- 
moderated, air-cooled, normal uranium reactor (Figs. 
1 and 2) was built as the pilot plant for the plutonium- 
producing reactors which are at Hanford, Washington. 
Construction was started early in 1943, and critical 
loading was completed on November 4, 1943. This was 
the first reactor built that could be cooled and thereby 
operated at a reasonably high power level for long 
periods of time and was the second reactor built in this 
country. It was designed to operate at one megawatt 
power level, and its prime purposes were to furnish 
operating experience, reactor characteristics, and to 
provide small quantities of plutonium to aid in the 
development of chemical separation techniques to be 
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used at Hanford. Since this is an air-cooled reactor, 
water-cooled fuel tubes of the Hanford type were 
simulated in some of the 4-in. square test holes. 

The reactor core and reflector is a 24^ft cube of 
graphite built up of 4-in. square by 50-in. long blocks 
and contains 1248 fuel channels that are 1%-in. 
squares with the diagonals vertical and horizontal. 
Also there are 22 horizontal 4-in. square holes that go 
all the way through and six that go half way through 
the graphite perpendicular to and between the fuel 
channels. Six vertical 4-in. -square holes penetrate to a 
dtpth of 17-ft-4-in. into the graphite. Ten instrument 
openings penetrate the shield up to the graphite. 
Two thermal column openings, two l4-in.-square bio- 
logica 7 specimen entrances, four 1.68-in. diameter 
holes through the central core, and a foil slot through 
the reactor center make up the remainder of the 
experiment facility openings (see Table I). 

The reactor shield is a 7-ft thickness of concrete 
that surrounds the core with manifold spaces provided 
for the cooling air. Plugged sleeves set into the con- 
crete provide access to the holes through the graphite. 
The inner-most and outer-most 1-foot thicknesses of 
the shield are normal structural concrete and aggre- 
gate and contain web-type steel reinforcing. The 
space between is filled with a special concrete mixture 
containing haydites, an expanded clay, to retain 
about 10 per cent of the make-up moisture as neutron 
shielding and barytes aggregate to increase its den- 
sity. The shield was overdesigned and is still more 
than adequate at the present higher power level. The 
reactor does not have a thermal shield, but the con- 
crete is insulated to some degree from the graphite by 
layers of asbestos and cellamite (see Fig. 3). A 10-in. 
high air passage across the top of the core between the 
graphite and the concrete was designed into the re- 
actor but was closed off shortly after operation started 
to deflect more air through the fuel channels when it 
was found to be unnecessary. 

The reactor coolant is atmospheric air that makes 
one pass through and is discharged to the atmosphere 
through a 200-f t stack. In order to remove the heat at 
the present 3.5 megawatt operating level, 120,000 
cubic feet per minute of air is drawn through by two 
900-horsepower suction fans. Rough fiber glass filters 
remove dust particles from the air at the inlet to the 
system and a combination of fine fiber glass and 
asbestos paper filters remove radioactive particles 
picked up from the reactor before the air reaches the 
suction fans. 
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Figure 1. A cutaway sketch of the normal-uranium, graphite- mod era ted reactor 



Five of the original eight shutdown rods arc now in 
use (see Table II); three were removed to provide for 
experiments since they proved to be unnecessary. 
Three of the remaining rods enter vertical 4-in. -square 
holes from the top of the reactor. These rods are not of 
the original design. They are 3 V-> -in. -square hollow 
steel shells 8-ft long that contain a layer of Kr>-in.- 
thick cadmium in the walls and a shield plug in the 
upper end. They are attached to steel cables that 
can be wound up on a windlass operated by electric 
motors through an electromagnetic clutch. The brake 
that holds the rod up in the operating position is on 
the electric motor so that if the power to the electro- 



magnetic clutch is lost either by electrical power fail- 
ure or by intentional interruption as for a normal 
shutdown, the windlass is made free to turn and 
allows the rod to fall into the core by its own weight. 
Full fall requires little more than one second. 

The other two shutdown rods are 1%-in. -square 
steel rods 200 inches long which contain 1.5 per cent 
boron. They enter two of the horizontal 4-in.-squarc 
holes which are sleeved down to 2-in. square with 
graphite. These two rods are driven by hydraulic 
motors for slow travel into or out of the reactor and 
can be made to travel the full distance into the reactor 
*by a high pressure oil system within 4 seconds. This 
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Table I. Research Openings into Graphite Reactor 



Kind of fat titty 


Number of 
facilities 


Maximum thermal 
neutron flux 


iH-Cd 

ratio 


Gamma 
flux 


Approximate 
temperature 


4-in square horizontal 


42 


3.6X 10 ll to 


20 


3 X 10* to 


3SC to 




openings 


1 X 10 18 




8X 10r/hr 


160C 


4- in. square vertical 


3 


8 X 10 11 


20 


6.7 X 10 s 


135C to 










r/hr 


140C 


1 . 68-in. diameter horizontal 


4 


1 X 10" 


20 


9 X 10* r/hr 


35C 


2^ in. X H in. foil slot 


1 


1.1 X 10 


20 


9 X 10* r/hr 


160C 


Unused fuel channels in 


5 


S.5X 10" 


20 


4 5 X 10* 


3SC 


core region 




to 1 X 10 12 




to 9 X 10* 












r/hr 




Unused fuel channels in 


418 


10' to 




10 4 to 


30C to 


reflector region 




3 X 10" 




3 X 10* r/hr 


40C 


14-in. square biological 


I 


1.3X 10 


^70 


200 r/hr 


25C to 


tunnel lead-lined 






Mn-Cd 




35C 








ratio 






14-in. square biological 


1 


5 X 10* 


73 


3.4X 10* 


2SC to 


tunnel bare 






Mn-Cd 


r/hr 


35C 








ratio 







5-ft square vertical 


1 


l.SX 10 7 


~10 


135 r/hr at 


Room 


thermal column 








top of 


tempera- 










column 


ture 


2 1 2-ft square horizontal 


1 


5X 10* 


130 


1.2X 10* 


Room 


thermal column 








r/hr 


tempera- 












ture 


Unused 9-in. square ionifca- 


2 


HF to 10 


~70 


~5 X 10 s 


35C 


tion rhamher holes 






Mn-Cd 


r/hr 










ratio 







high pressure, 900 pounds per square inch, is main- 
tained by two large weights pressing upon oil-filled 
cylinders and is kept from the drive mechanisms by 
normally open solenoid valves so that, if the electrical 
power fails or is interrupted by the shutdown switch, 
the valves open and allow the 900 psi pressure to hit 




pistons which operate rack and pinion drives to push 
the rods into the reactor. 

Two other rods, identical to the hydraulic rods are 
used as regulating rods when the reactor is being oper- 
ated manually. They are driven by electric motors and 
arc not part of the shutdown system. Both rods have a 
fast speed in and out and one has a slow speed for fine 
control. 

Within recent months an automatic control system 
has been developed which uses one of the hydraulic 
rods in the nearly out position as its control rod. The 
electrically driven regulating rods are still used to 
position the automatic control rod within its operating 
range. This arrangement tends to minimize distortion 
of the neutron flux pattern within the reactor core. 

Up until recently a boron shot tube was kept for 
emergency or disaster shutdown use. This consisted of 
a hopper of boron-steel shot that could be released 




Figure 2. Fuel-charging side of the graphite reactor 



34 5 

DISTANCE FROM ORAPHITC (ft) 

Ffgure 3. Temperature traverse through the concrete shield of the 

graphite reactor showing that gamma heating Is not excessive nor is the 

temperature differential through the shield great enough to cause 

severe stresses 
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into the reactor core region by pulling a cable in the 
control room to release a plug in the bottom of the 
hopper. The hopper was within the top shield of the 
reactor and could not be easily inspected. Also there 
was no way to test the working of the apparatus on a 
routine basis. By accident the pull cable was pulled 
recently and the shot did not fall into the reactor. 
They were found to be rusted and stuck together. 
Because of this, authorization has been given lo com- 
pletely remove the equipment since any safety equip- 
ment that cannot be periodically checked cannot: be 
trusted to operate. All other safety features can be 
checked. 

When operation of the graphite reactor was first 
started, very low level neutron ilux during startup was 
monitored with a counter and then by a gamma-com- 
pensated boron-coated ionization chamber as the 
power level rose to the kilowatt level. The practice of 
using the neutron counter was discontinued and only 
the ionization chamber retained. This is safe because 
the fuel loading is kept such that the excess reactivity 
is below the delayed neutron contribution and prompt 
critical is an impossibility. Three of the gamma-com- 
pensated chambers are now in use one is read by a 
galvanometer and used for startup and manual opera- 
tion, a second for the automatic control and the third 
for vernier control while in manual operation or as a 
spare. These chambers are located in the shield of the 
reactor where they "see" n neutron Ilux of about 
10" n/cm 2 -sec. 

Three other non-gamma-compensated, boron-coated 
ionization chambers are used for the safety instru- 
mentation to scram the reactor by way of electronic 



trips if the power level should be allowed to exceed 
5.5 megawatts. It is not necessary that these cham- 
bers be gamma compensated because they are impor- 
tant only at a neutron level where the gamma con- 
tribution is negligible. 

A second safeguard against power excursions is a 
system of boron-coated thermopiles whose composite 
signal which is proportional to the power level is fed 
to an electronic strip recorder containing a high level 
trip to initiate a scram at 6.0 megawatts. 

The temperature of the aluminum jackets that en- 
close the uranium metal in the reactor must also be 
limited. This is accomplished by including in the load- 
ing fuel pieces having iron-conslantan thermocouples 
attached to the jackets. Experience has shown that the 
hottest position in any fuel row is two feet past the 
center of the row in the direction of the air Jlow. At 
least forty such thermocouples arc kept in the reactor 
at all times and positioned to give a good representa- 
tion of the temperature distribution. The thermo- 
couple having the highest reading supplies a signal 
to a single point strip recorder a ntaining a high level 
trip to scram the reactor if the temperature exceeds 
325C. Actually the operator does not allow the tem- 
perature to exceed 280C. It has been found that a 
standard power level of 3.5 Mw can generally be 
maintained year around without exceeding the safe 
temperature level. 

The temperature of the graphite near (1 foot from) 
the center of the reactor is recorded but does not 
actuate any scram or alarm. Its value averages about 
135C. 

Temperatures of the inlet and exit cooling air 



Table II. Characteristics of Control and Shutdown Rods 



Type of rwi 



Horizontal shutdown 



Vertical shutdown 



Number 
Reactivity value 

Material 
Size and shape 



Method of 
operation 



Travel (distance 
into reactor) 



Speed of travel 



Ciuide tube 



$ 1-0. 57% - 

#2-0.50% ~ 

1.5% boron si eel 

1.75 in. square bar 19 ft long 



Direct electric motor driven 



In: To within 5 ft of opposite side of 

graphite 
Out: To 1 ft outside graphite into 

concrete shield 
#1: Max. in 6.9 in. per sec 

Max. out 6.9 in. per sec 
,f'2: Max. in 4.76 in. per sec 
Max. out 4.76 in. per sec 
Min. in 0.044 in. per sec 
Min. out 0.044 in. per sec 
2',4-in. X 2 1 i-in. square slot milled 
into graphite blocks in 4-in. sq. hole 



AA- 

1.5% boron steel 

1.75 in. square bar 19 ft long 



Hydraulic cylinder operates rack 
and pinion drive. Normal opera- 
tion pump. Kmergency operation 

-accumulator 
In: To within 5 ft of opposite side of 

graphite 
Out: To 1 ft outside graphite into 

concrete shield 
In : Normal 6 in. per second 

Emergency full travel in 4 sec 
Out: 1 in. per sec 



2' 4 -in. X 2^4-in. square slot milled 
into blocks in 4-in. square hole 



0.50% 



Hollow steel shell containing layer 
of cadmium 

3> in. square hollow steel shell 8 ft 
long. Top end contains lead and 
masonite shield and bottom end 
has spring shock absorber 

Gravity when latch solenoid is de- 
energized. Lifted out of reactor by 
electric motor 

In: 4 ft below and 4 ft above reactor 

center 
Out: Just withdrawn from graphite 

In: ^1 sec for full fall 
Out: ~10 sec 



Full size 4-in. square vertical hole 
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streams are measured for the purpose of heat power 
calculations by thermohms located in the inlet and 
exit air ducts. At one time the signal from a thermohm 
in the exit air duct was fed to a strip-recorder con- 
taining a high level trip to cause a scram. The scram 
feature has been removed as unnecessary since the lag in 
this temperature is too long to be of value in the event 
of a power excursion, and it served no other purpose. 

A pitot tube in the inlet air duct sends a signal to 
oil manometers at the control desk and to a ring- 
balance circular chart recorder which scrams the 
reactor if the air flow drops too low. Another ring 
balance recorder shows the pressure drop across the 
reactor from pressure taps located in the inlet duct and 
in the exhaust manifold. This recorder also scrams the 
reactor if its reading falls too low. 

The radioactivity of the exhaust air from the reac- 
tor is measured by an ionization chamber through 
which a continuous sample of the air passes. The sig- 
nal from this ionization chamber is read on a strip 
recorder at the control desk and until recently would 
actuate a scram if the normal radioactivity level 
increased by a factor of three. Experience has shown 
that the reactor itself could not cause such a condition 
unless it experienced a violent power excursion or 
great loss of air tlow, cor.Mtions, which if they oc- 
curred, would initiate a srram. Also the off-gas from 
experiments and equipment at the Low Intensity Test 
Reactor have been tied into the graphite reactor 
exhaust and it would he pointless to shut down the 
graphite reactor because of radioactivity from some 
other source. In the course of one operating day the 
reactor generates a total of about 500 curies of radio- 
argon (A 41 ) from the 0.9 per cent argon present in the 
atmosphere. This is the major radioactivity in the 
exhaust air. There is a small amount of mixed fission 
product gases being evolved from small quantities of 
uranium oxide dust from defective fuel elements 
caught in cracks between graphite blocks. 

The concrete shield at the exhaust end of the fuel 
channels would be damaged by the continual blast of 
hot air emerging from the channels if it were not pro- 
tected. A one-inch thick wall of ccllamite is spaced 
four inches from the inner face of the concrete to form 
a separate chamber which is cooled by a separate air 
stream. The pressure within this region as well as the 
air flow to it arc monitored. If the negative pressure 
within the region becomes excessive, there is a possi- 
bility that the shield wall might collapse. To guard 
against this event, a negative pressure greater than 
34 in. of water will cause the suction fans to be turned 
off. Loss of the fan suction shuts the reactor down by 
the other means described. 

The hydraulic pressure accumulators which drive 
the horizontal shutdown rods into the reactor must 
be kept pumped up to contain a sufficient volume of 
oil at all times that the reactor is in operation. If a 
leak in the system should develop allowing the weights 
to fall to a minimum level, a switch actuated by the 
weight scrams the reactor while there is still enough 
oil left to accomplish the shutdown. 



Table III. Automatic Reactor Scram Summary 

Power level greater than 5.5 megawatts (ionization chambers) 
Power level greater than 6.0 megawatts (horon-coated thermo- 
piles) 

Metal temperature greater than J25C 
Air flow less than 40,000 ft* 'min 

Differential pressure across reactor less than 8 in. HsO gage , 
Radiation at horizontal thermal column greater than 50 mr/hr 
Any experiment requiring that the reactor be shut down for 
safety reasons 

Frequently experiments are performed which can 
develop conditions which can injure personnel, the 
reactor, or expensive equipment if the reactor is not 
scrammed. Safeguard circuits from these experiments 
can be tied into the reactor scram circuits. Typical 
examples are: 

1. One of the thermal column openings is shielded 
by a tank of water which, if accidentally drained, 
would allow about a 2-ft 2 beam of radiation to emerge 
from the reactor into a heavily frequented personnel 
area. To prevent this, a radiation monitor at the 
location scrams the reactor and sounds a siren. 

2. A 4-in 2 horizontal hole contains a water-cooled 
hollow cylinder of enriched uranium aluminum alloy 
in which targets can be subjected to a high fast 
neutron flux. If the water Row were to fail the cylinder 
would probably melt and damage the reactor. The 
reactor is scrammed by a water flow recorder if the 
flow is lost. 

3. A vertical 4-in 2 hole is used to expose capsules 
containing test fuels for homogeneous reactors to 
check both solution stability and corrosion of the 
capsule walls. If the pressure in the capsule becomes 
excessive due to unexpected behavior, the capsule 
may rupture causing contamination of equipment or 
even personnel with fission products. To prevent this, 
a pressure monitor on the capsule scrams the reactor 
to stop the pressure buildup. 

Manual scram switches are located at the control 
desk, the exit doors of the building, and at the experi- 
ment locations. The control console is shown in 
Fig. 4, 




Figure 4. Control console of the graphite reactor showing operator 
throwing "scram" switch to shut the reactor down 
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Figure 5. (Left) A closeup view of the fuel charging face showing operators pushing fuel elements from the reactor core 

Figure 5 a. (Right) Operator inserting fuel elements into a fuel channel. After being inserted by hand, they are cen'ered in the core by pushing 

them into place with measured steel rods 



The reactor fuel is normal uranium metal in the 
form of l.l in .-diameter by 4-in. long slugs encased 
in a 35-mil thick 2-S aluminum jacket. These are 
charged into the fuel channels end-to-end to simulate 
long rods. The purpose of the segmentation is for 
ease in handling. Each slug weighs about 2^ pounds. 

The fuel is inserted into the reactor by hand and 
positioned with measured rods while the reactor is 
shut down. Removal is accomplished by pushing it 
on through the graphite from which it falls through the 
air exhaust manifold to a chute which leads to a 
20-ft deep water pit outside the reactor shield (see 
Figs. 5 and 5a). 

All during the operation of the reactor an annoying 
number of fuel element failures have occurred and 
two full-scale attempts have been made to improve 
them. The first elements used were jacketed in 2-S 
aluminum cans having 20-mil thick walls, and the 
caps were sealed on by resistance welding. No bonding 
existed between the uranium and the aluminum. This 
type was used during 1943 and part of 1944. The next 
type had 35-mil thick 2-S aluminum walls with the 
caps arc-welded on in a helium atmosphere. Again the 
uranium and the aluminum were not bonded but 
were die-pressed to be in close contact. No failure 
of the first type of elements occurred but they were 
used only at low power and for only a short time. 
The second type came into use when the power level 
was increased from one megawatt to 3.6 megawatts. 
The failure rate of these elements was approximately 
one per month. Although this rate was not excessive 
enough to curtail operation, it did require constant 
vigilance to prevent damage to the reactor. The causes 
of failure were probably several, but the end result 
was always the same bursting of the aluminum 
jacket allowing the rapid formation of uranium oxide 
which was carried away to some degree by the air 
stream causing contamination of the air exhaust 



system with fission products. The more serious result 
of failure is the possible sealing off of I he channel by 
the swelling element jacket as the oxide volume 
increases. When the air flow ceases, other elements 
in the channel fail due to high temperature. This 
has occurred twice, once in 1947 and again in 1948. 
The first instance involved 13 elements and the 
second 5 elements. In both instances the fuel channel 
was so scarred by the discharging techniques that 
had to be used that they were not suitable for further 
use as fuel channels and were diverted to other usages. 
Since that time a weekly inspection of all fuel channels 
has prevented the recurrence of such multiple failures. 
During 1952 the fuel was changed to a bonded type. 
This bond is an aluminum-silicon eutectic which 
fills the space between the aluminum jacket and the 
uranium metal. Its purpose is to separate the uranium 
from the aluminum and still provide good heat 
transfer. It also tends to slow the rate of a failure 
by minimizing the area of uranium that might be 
exposed to air if a tiny hole should develop in the 
aluminum jacket. Since one of the causes of failure 
in the unbonded elements was interaction between 
the uranium and the aluminum if the temperature 
were in the 200 to 300 range for long periods, it 
was hoped that the bonded elements could be operated 
above this temperature allowing the power level to be 
increased. This, however, has not proved to be true; 
the element jackets are now operating at a higher 
temperature relative to power level than before due 
to the better heat transfer from the uranium to the 
aluminum jacket through the bond under the thermo- 
couple bead and failures occur at an objectionable 
rate above 3()0C indicating that there is still sufficient 
contact between the aluminum and the uranium to 
cause trouble. With the unbonded elements the 
jacket temperature could be operated continuously 
at 245C without experiencing serious failure rates. 
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The power level at this temperature averaged 3.6 
megawatts with frequent operation at 4.0 megawatts. 
With the bonded elements, experience has shown that 
285C as shown by the thermocouple should not be 
exceeded for long periods. The average power level 
now is 3.S megawatts to stay below this limit. The 
gain has been only in the frequency of failure rate 
which is less than half that with the unbonded 
elements. A temperature traverse along the length 
of a fuel channel is shown in Fig. 6. 

The quantity of normal uranium required for 
critical loading was almost exactly 30 tons. The 
present loading is 54 tons to provide sufficient excess 
reactivity for the benefit of experiment and radio- 
isotope target materials in the reactor as well as to 
provide for the poisoning effect of the Al-Si bonding 
material in the present elements (see Figs. 7 and 8). 

The reactor is operated on a round-the-clock basis 
with the only routine shutdown being from 5:00 am 
to about 3:30 pm each Monday. The continuous 
operation is necessary for the varied experiments being 
conducted as well as for a routine production of radio- 
isotopes. The percentage operating time since the 
reactor first attained critical loading is in excess of 
90 per cent. During the routine shutdown, each fuel 
channel is inspected for any evidence of failure, 
changes in research equipment made, radioisotope 
targets are removed and inserted, and required 
maintenance performed. Close scheduling is required 
to accomplish this work in the allotted time and 
planning always starts each Thursday for the following 
Monday. 

Other shutdowns are scheduled as required for 
emergency maintenance, of course, and shutdowns 
for special research or radioisotope production work 
are sometimes arranged with the permission of other 
research personnel using the reactor. 

Al the standard operating power level of 3.5 mega- 
watts the maximum thermal neutron flux is l.l X 
10 12 n/cm 2 -sec. Up until 1952 the power level was 
generally kept as high as possible without exceeding 
the temperature limitation of the fuel jackets. This 
caused several different power levels to be existing 
even during the course of one day ranging from 3.4 
to 4.2 megawatts and caused a lot of extra work for 
the research personnel in normalizing their data. 
This was a case of doing something just because it 
had always been done and was a hangover from the 
old plutonium production days when it was required 
to operate at the highest power level possible. The 
present operation at a standard power level has some- 
what simplified the work of the research personnel 
but even now very precise work has to be specially 
monitored at the exact facility being used. 

Due to the size of the reactor and the placement 
of the regulating rods slow iluctuations of greater 
than one per cent can take place in one day in any 
one location without any change in the over-all power 
output of the reactor. As the temperature of the 
coolant (atmospheric air) increases from shortly 
after daylight until about 2:30 or 3:00 pm, when the 
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Figure 6. Temperature traverse through a fuel channel showing that the 
peak temperature is downstream from the reactor center 

peak temperature usually occurs, the regulating rods 
move outward to compensate for the over-all tem- 
perature rise in the reactor. This causes the peak flux 
in the reactor to move toward the center of the re- 
actor in the direction the rods are traveling. The 
opposite effect begins shortly thereafter until about 
10:00 pm after which nearly a stationary flux pattern 
exists until daylight. For this reason, research per- 
sonnel needing precise neutron flux control prefer 
data taken at night unless they have automatic 
compensation in their equipment which many have at 
present. 

Also, due to having two general purpose pneumatic 
exposure tubes and a vertical hole through which 
relatively large samples (up to 18 in. long by 2% in. 
in diameter) can be inserted and removed without 
shutting down, many brief flux fluctuations occur 
all during the day as these facilities are used. An- 
nouncements five minutes prior to such fluctuations 
by way of a public address system gives each research 
man time to prepare for them or raise objections to 
their being done. Another such fluctuation occurs 
during a major regulating rod adjustment which must 
be made at any time the two regulating rods become 
unbalanced as much as 10 inches. This occurs due to 
having fine control movement on only one rod. When 
this rod has been moved inward or outward 10 inches 
farther than the one-speed rod, they are re-balanced 
by moving one in one direction and the other in the 
other direction simultaneously. At best, pome fluctua- 
tion occurs and this, too, is announced five minutes 
ahead of time. The balancing procedure minimizes 
distortion of the flux pattern in the reactor. This 
technique need only be used during manual operation. 
While the reactor is in automatic control, the rods 
can be adjusted to be an even distance out at all 
times. 

Since the total poisoning value of the five shutdown 
rods is only 2.7 per cent &k/k the loading is limited 
to half this value for the cold reactor. Due to the low 
power density, roughly 600 watts per cubic foot, the 
xenon-135 poisoning is not severe, only 0.2 per cent 
Ak/k. The combined temperature coefficients amount 
to 0.4 per cent Ak/k, making a total of 0.6 per cent 
&k/k. An allowance of about 0.3 per cent &k/k is can- 
celled by the regulating rods to provide flexibility of 
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Figure 7. Pint operating fuel loading of 35.7 ton* of normal uranium. The 30>element rows at the top were to provide a higher 

neutron flux in the vertical thermal column 
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Figure 8. The present fuel loading pattern of the graphite reactor showing a much expanded core size and shorter rows at the center to 
depress the temperature in that region. This loading consists of 54.1 tons of normal uranium 
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control and for experiments of a temporary nature. 
Another 0,5 per cent Ak/k is used by permanently 
installed experiment facilities giving a total of approxi- 
mately 1.4 per cent &k/k excess reactivity for the clean 
cold reactor. The only possibility of prompt critical 
occurring is during startup and this is prevented by a 
careful slow startup procedure which requires fifteen 
minutes. 

Table IV. Summary of Graphite Reactor Information 

Size of K raphitc . 24 ft X 24 ft X 24 ft-4 in. high 

Thickness of concrete shield. . . . . 7 ft in. 

No. of fuel channels . . 1248 

No. of 1.6-in. diameter holes through central 

part of core 4 

Type of fuel ... . . . normal uranium 

Dimension of aluminum-clad fuel element (slug) 

1.1 in, diameter by 4.1 in. loriK 

Weight of uranium metal per slug 1 170 grams 

Thickness of aluminum cladding . 0.035 in 

Bonding material between Al and U Al-Si cutcctic 

No. of fuel channels containing fuel 821 



24-slug rows. . 
41 -slug rows. . 
45-slug rows. . 
47-slug rows. 
51 -slug rows. 
54-slug rows. . 



10 

51 
2S 

115 
7" 

543 



No. of 4 in 2 openings . . . 56 

No. of horizontal through holes (4 in 1 ) 22 

No. of horizontal half holes (4 in 2 ) 6 

No. of vertical holes (4 in 2 ) 6 

No. of 4 in 2 horizontal through holes used for 

control and shutdown rods 4 

No, of 4 in 2 horizontal openings for experimental 

and target exposures 47 

No. of 4 in* vertical holes for shutdown rods. . . 3 
No. of 4 in 2 vertical holes for experiments and 

target exposures 3 

Other experiment facilities 14 

Total reactivity value of shutdown rods. . . . 2.7% 

Total reactivity value of control rods 1.1% 

Approximate amount of reactivity absorbed by 

experiments and radioisotopc samples. . 0.5% 

Weight of uranium in reactor .. .. 54.11 tons 

Maximum thermal neutron flux at 3.5 Alw . 1.1 X 10 12 

Cadmium ratio 20 

Average gamma photon energy. . ... 0.9 Mcv 

Maximum gamma photon flux (at average 

energy of 0.9 Mev) 5.13 X 10 11 -y/cm^sec 

Maximum gamma dose rate ... 9.2 X 10* r/hr 

Ratio of gamma flux to thermal neutron flux. . . 0.50 

Standard reactor power level 3.5 megawatts 

Average graphite temperature at center of 

reactor ~135C 

Average metal temperature at hottest region . . . ~270C 
Average neutron flux (based upon power level 

and amount of fuel) 5.0 X 10 11 n/cm 2 -sec 

Ratio of maximum thermal neutron flux to 

average thermal neutron flux 2.24 

Volume of active portion of reactor. . . ... 5933.4 ft 3 

Power density inside active portion 587.5 watts/ft 3 

Volume of coolant air 120,000 ft a /min 

Negative pressure inside reactor ~29 in. H 2 O gage 

Operating metal temperature coefficient 

-0.29 inhour/C 

Operating graphite temperature coefficient 

-0.77 inhour/C 

Barometric pressure coefficient 0.38 inhour/mm Hg 

Xenon poisoning coefficient 25 inhours/1000 kw 



SPECIAL RESEARCH EQUIPMENT AT THE GRAPHITE 
REACTOR 

1 . Neutron Spectrometers 

Three neutron spectrometers are in use (Figs. 11 
and 12), Two are operated by the Physics Division and 
one by the Chemistry Division. The primary beams of 
neutrons from collimators set in 4-in. square openings 
range from about Ji-" 1 - square to an inch square. 
This beam consists of neutrons of all energies from 
about 0.03 ev to more than 10 Mev and cannot be used. 
From this beam a crystal set in its path scatters the 
neutrons at angles inversely proportional to their 
inergy. By using a second collimator, neutrons of 
about 0.07 ev (about lA wave length) arc obtained. 
These are used in much the same way as X-rays in 
studying crystal structures, crystal transitions at 
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Figure 9. A typical thermal-neutron traverse through one of the 4-in. 
square experiment holes 
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Figure 10. A typical temperature traverse through a 4-in. square hole 
showing a flattening at the center 




Figure 11. A view of two neutron spectrometers showing the external 
shielding required to keep the background neutron count low 
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Figure 12. A schematic sketch of a neutron spectrometer with the parts 
named 

different temperatures (using heaters or refrigerants), 
and the location of nuclei in crystals. Neutrons arc 
particularly useful in studying crystals containing 
hydrogen, deuterium, or tritium since they arc scat- 
tered by nuclei rather than by shell electrons. 

2. Vertical Low Temperature Exposure Facility 
Hole 12 

Operated by- Solid State Division 

Thermal neutron flux 8 X 1C) 11 n/cm 2 -sec ' , <* 

Gamma 6.7 X 10 6 r/hr " 

This is a newly installon facility that is cooled by a 
helium refrigerator. The lowest temperature that can 
be obtained in the exposure chamber is about 18K. 
The maximum sample size that can be accommodated 
is 1-in. in diameter by 24 in. in length. It will be 
used to study radiation damage without annealing 
occurring. 

3. Horizontal Low Temperature Facility Hole 52-N 

Operated by Solid State Division 
Thermal neutron flux 3.6 X 10 11 n/cm 2 -sec 
Gamma 3 X 10 6 r/hr 

The horizontal low temperature facility has been in 
operation since 1952. The exposure chamber can be 
cooled to 115K by a stream of helium gas passing 
through a liquid nitrogen heat exchanger. The maxi- 
mum size of samples is JlH n - diameter by 5 in. in 
length. 




Figure 13. The external parts of the fast pneumatic tube 



4. Water-Cooled Fast Neutron Exposure Facility 
Hole 51 -North 

Operated by -Solid State Division 
Neutron fluxes: 

Thermal 5.5 X 10 11 n/cm 2 -sec 

Fast 8 X 10 J1 n/cm 2 -sec 
Gamma 5 X 10 5 r/hr 
Temperature in exposure chamber ^25C 

The fast neutron source is a water-cooled hollow 
cylinder made of aluminum-clad, enriched uranium- 
aluminum alloy. The maximum sample size is 13^-in. 
diameter by 11 inches long. Samples are inserted and 
removed by a chain conveyor. 

5. Water-Cooled Horizontal Exposure Facility 
Hole 19 

Operated by Solid State Division 

Thermal neutron flux 8.5 X 10 U n/cm 2 -sec 

Gamma 7 X 10 5 r/hr 

Temperature in exposure chamber ~3f)C 

Maximum sample size \%-in. diameter X 8 inches 

long 

Samples are inserted and removed by water pres- 
sure and are cooled by water flow. 

6. Vertical Water-Cooled Facility Hole 10 

Operated by- -Reactor Operations Department for 
general usage by all research divisions and radioiso- 
tope production. 

Thermal neutron flux 7 X 10 11 n/cm 2 -sec 
Gamma 5.7 X 10* r/hr 

Temperature in exposure chamber 30C (con- 
trolled) 

Maximum sample size -2^2-in. diameter X 1 foot 
long 

Samples for short exposure are tied onto waxed 
linen cords. Long exposures are done in aluminum cans 
with upright bails which are lowered to the bottom 
and retrieved with grappling hooks. Reactor shut- 
down is not required for insertion or removal. Samples 
are stored in six-place rotating magazine shield over 
hole. 

7. Fast Pneumatic Tube Hole 56-North 
(see Fig. 13) 

Operated by Physics Division 

Thermal neutron flux 3.6 X 10 11 n/cm 2 -sec 

Gamma- -3 X 10 5 r/hr 

Temperature of exposure chamber ~50C 

Maximum sample size 5 ie-in. thick by 

wide by lj^-in. long 

Samples are inserted into and removed from the re- 
actor by CO 2 pressure. Exposure time can be less than 
one second. Removal time is less than one second. 
Equipment operates automatically, exposure being 
controlled by timing mechanism. 
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Figure 14. The oscillator used m making neutron absorption measure- 
ments. The drive mechanism was made from a washing machine 

8. General Usage Pneumatic Tubes Hole 22-South 

Operated by Reactor Operations Division for 

use by all research divisions and for nidioisolope 

production. 

Thermal neutron flux 6.5 X 10 ll n/cm 2 -sec 

Gamma ~5 X 10 5 r/hr 

Temperature of exposure chamber 8()C 

Maximum sample size: 

Large tube %-in. diameter X 2J^4-in. long. 

Small tube--- 7 IK -in. diameter X 2-in. long. 

Ordinarily samples are discharged to a storage 
shield to await pickup. Samples from the large tube 
can also be made to travel through a shielded tube to 
a laboratory room for quick analyses. Samples are in- 
serted into and removed from the reactor by CO.. 
pressure. 

9. Fuel Channel Pneumatic Tube Channel 2079 

Operated by Reactor Operations Department for 

use by all research divisions and for radioisotope 

production. 

Thermal neutron flux 5.5 X 10 11 n/cm a -sec. 

Gamma 4.5 X 10 fi r/hr 

Temperature of exposure chamber ~50C 

Maximum sample size 7 g-in. diameter X 3%-in. 

long. 

This tube utilizes one of the two fuel channels that 
were made unusable for fuel by removal of a multiple 
fuel rupture. Access is through a hole drilled through 
the concrete shield opposite the charging face. Sam- 
ples are inserted and removed by COa pressure and 
stored in a eight-place magazine shield. 



10. Oscillator Hole 56-South (see Fig. 14) 
Operated by Physics Division 

This facility is a four-in. square hole which con- 
tains a boron-coated ionization chamber beside which 
a small beryllium oxide boat containing a specimen 
can be oscillated. The current through the ionization 
chamber will be inversely proportional to the neutron 
absorption of the specimen. By oscillating the speci- 
men, a wave-form voltage change will be introduced 
in the circuit whose amplitude will be proportional 
to the neutron absorption cross section. By using some 
material whose cross section is well known, such as 
gold, for a standard, the neutron absorption cross 
section of any material may be determined. 

11. Stringer Holes Hole 13 and Hole 14 
(see Fig. 15) 

Operated by Reactor Operations Department for 

use by all research divisions and for radioisotope 

production. 

Thermal neutron tlux I X 10 U to <) X 10" n/cnv-sec 

Gamma 10 4 to 8 X 10 & r/hi . 

Temperature in exposure regions -^-'35 C to 

~ 160C 

Maximum sample size %-in. diameter by 3 in. 

long 

These facilities are stringers or trains of connected 
4-ft long graphite trays that extend all the way 
through two 4-in.- square horizontal holes. Kach tray 
accommodates 36 targets and the two holes accom- 
modate a total of 389 targets. Reactor shutdown is 
required for removal or insertion of materials, so the 
minimum exposure lime is one week. 




Figure 15. A view of operators removing radioisotope targets from a 

"stringer" hole. Notice the vacuum cleaner which removes dust from 

the graphite tray as it is withdrawn from the reactor through a lead 

shield 

12. "Doughnut 11 Holes Fuel Channels 1768, 1867, 
and 1968 (see Fig. 16) 

Operated by Either the research divisions or by 
the Reactor Operations Department depending 
upon the material inserted. 
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Neutron fluxes: 

Thermal 4 X 10 U n/cm 2 -sec 

Fast 2.2 X 10 11 n/cm 2 -sec, > 0.5 Mev 

Temperature in exposure chamber ~40C 

Maximum sample size ^2 in. diameter X 11 in. 

longj 

These are fuel channels in the center of the core 
region which each contain seven 4-in. long hollow 
aluminum-clad normal uranium cylinders. Targets are 
tied to either iron or aluminum wires of measured 
length to center them in the uranium. Removal is 
accomplished by winding the wire up on a shielded 
windlass. Reactor shutdown is required for removal or 
insertion. 




Figure 1 6. Research sample being removed from a charging face hole. 

The specimen is pulled into a shield by on attached wire which is rolled 

up on a lead-shielded windlass 

13. Vertical Thermal Column (see Fig. 17) 
Operated by- -Primarily the Physics Division with 
minor use by other divisions. 
Neutron Fluxes: 

Thermal -7 X 10 7 n/cm 2 -sec at top of column. 

Fast negligible 

In-Cd ratio ~10 6 

Gamma - -135 r/hr at top of column 
Average gamma energy- -~3 Mev 
Temperature Room temperature at top of column. 

This thermal column is a stack of graphite blocks in 
a 5-f t square (at the bottom) hole through the roof of 
the reactor shield centered over the reactor core. The 
top is shielded by a 5-f t square tank of water with lead 
and cadmium around the sides. Materials to be irradi- 
ated or radiation shield configurations to be tested are 
lowered through the water to the bottom of the tank. 

14. Horizontal Thermal Column Opposite Fuel 
Charging Side (see Fig. 18) 

Operated by- -Physics Division 
Neutron Fluxes: 

Thermal 5 X 10 9 n/cm 2 -sec 

Fast In-Cd ratio is 130 
Gamma 1.2 X 10 4 r/hr 
Temperature Room temperature 




PILE MODERATOR (GRAPHITE) 

Figure 17. A sectional sketch of the vertical thermal column showing the 

inclined biological tunnel 

This thermal column opening is not used as a ther- 
mal column but as a lid tank for shielding tests. The 
opening through the reactor shield contains a 2-S 
aluminum tank which can be filled with water to act 
as a radiation shutter. A concrete-shielded water tank 
just outside the hole normally acts as the biological 
shield when the shutter tank is empty. Shielding 
configurations are built up in the outer tank and 
checked for attenuation efficiency. 

15. Inclined Biological Tunnel (see Fig. 17) 
Operated by Biology Division and Reactor Opera- 
tions Department 
Neutron Fluxes: 

Thermal- -1 X HP n cm 2 -sec 

Fast- negligible 

In-Cd ratio 10* 

Gamma 360 r/hr 
Temperature Room temperature 
Maximum specimen size 7 in. X 3 in. X 3 in. 

This biological tunnel was built in order to lower 
the gamma to neutron ratio for biological exposures 
beyond the value of the facilities built into the reactor 
shield. It is a slanted shield plug through the graphite 
in the thermal column and the exposure chamber is 
enclosed with a 4-in. thick layer of bismuth metal. 
Specimens are put into a graphite box which is 
affixed to the lower end of the tunnel. Movement of 
the plug is done by a hoist. 

16 Lead-Lined Biological Tunnel 

Operated by Biology Division and Reactor Opera- 
tions Department 
Neutron Fluxes: 

Thermal -1.3 X 10 9 n/cm*-aec 

Fast Mn-Ccl ratio is 70 
Gamma 200 r/hr 
Temperature ~25C 

Maximum specimen size- 24 in. long X 12 in. 
wide X 10 in. high. 
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Figure 18, Looking down into the lid tank at the horizontal thermal 
column opening. An enriched uranium source plate between the tank 
supplies fast neutrons and shield configurations to be tested are as- 
sembled in the outer tank 

This biological tunnel was built into the reactor 
shielding at the time of construction. It is located in 
the shield above the reactor so that neutrons and 
gamma radiation entering it come primarily through 
the bottom of the exposure chamber and are filtered 
through a 4-in.- thick layer of lead. A ventilating sys- 
tem pulls fresh air from outside the reactor through 
the exposure chamber and into the reactor coolant 
stream. Specimens are rolled into the chamber on 
trays by means of push rods. A series of three lead 
gates, only one of which can be opened at a time, 
shield the operator. A concrete barricade outside the 
reactor shield provides further protection. Specimens 
can be inserted and removed while the reactor is 
operating. 

17. Bare Biological Tunnel 

Operated by Biology Division and Reactor Opera- 
tions Department 
Neutron Fluxes: 

Thermal -5 X 10* n/cm 2 -sec 
Fast -Mn-Cd ratio is 73 
Gamma- '3400 r/hr 

The bare biological tunnel was built into the reactor 
shielding at the time of construction. Tt is similar to 
the lead-lined tunnel in all aspects except for the lead 
lining. Since it is located farther from the vertical 
centerline of the reactor than the lead-lined tunnel, 
its neutron flux is lower. 

18. Other Equipment 

Other more temporary equipment is built at the 
experiment openings as desired and frequent exposure 
of materials or equipment is made inside the 4-in. 
square holes and in uncharged fuel channels. Some 
examples are shown in Figs. 19, 20, 21, and 22. 

LOW INTENSITY TESTING REACTOR 

The Low Intensity Testing Reactor (LITR) is 
probably the only operating reactor that was built 




Figure 19. Equipment at a neutron col lima tor for performing a Stern- 
Gerlach experiment with neutrons 

from i left-over test parts. Originally the tank that 
contains the reactor core was a mock-up assembly for 
measuring the water flow and mechanical character- 
istics of the Materials Testing Reactor (MTR) which 
is now operated at the National Reactor Test Sta- 
tion by the Phillips Petroleum Company for the 
Af<X" (see Fig. 23). Since this installation was not 
intended to be permanent, all pjrtions of the reactor 
tank except that surrounding the core were made of 
ordinary steel. The section containing the core is of 
3-S aluminum since tests of actual flow through the 
coolant shells of actual beam hole thimbles had to be 
made. The hydraulic tests were completed in 1949 
and a mockup of the beryllium reflector to be used 
in the MTR was built into one quadrant of the core 
tank with only a minimum thickness of beryllium 
surrounding the remainder of the core. With this 
assembly, a criticality test and neutron distribution 
measurement was made in 1950. 

After these tests were completed, the need for a 
training reactor for the operating personnel of the 
MTR was recognized and conversion of the test 
mockup to a low power temporary reactor was com- 
pleted on March 2, 1951 (see Fig. 24). The maximum 
power level was to be 500 kilowatts. 

The conversion consisted of the following: 
1. Painting the inside of the steel portions of the re- 
actor tanks and some external piping to inhibit rusting. 




Figure 20. Neutron cotlimator used by the Oak Ridge School of Reactor 
Technology (ORSORT) for performing short experiments. The setup 
shown is for an experiment In the diffraction of neutrons with a crystal 
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Figure 21. The external-field polarization of In 11 ' nuclei. Neutrons from 

a colli motor are polarized by a magnetic field and used to measure the 

degree of polarization of the In 115 nuclei 

2. Stacking a permanent beryllium reflector held 
in place by a sheet aluminum housing (Figs. 25 and 
26). 

3. Providing access holes for the various ionization 
chambers used, for control (Fig. 27). 

4. Adding an additional shim-safety rod to the two 
used for the critical ily te^i . 

5. Surrounding the reactor tank with a concrete 
block shield and extending the beam holes through the 
shield. Also providing shielding for the holes (Fig. 28). 

6. Replacing the 20,000 gallon per minute water 
system with a smaller one to provide a flow up to 
300 gallons per minute and providing a heat exchanger. 

7. Enclosing two sides and the top of the reactor 
with rooms for shelter of experiments and operating 
personnel. 

8. Providing a special radioactive waste water 
disposal system including two retention ponds. 

0. Permanent i/at ion of the reactor control room 
and the control instrumentation (Fig. 29). 

During the time that the reactor was being used 
for training, it was seen that conversion to a research 
and radioisotope producing reactor would require 
only slight modification and would not be excessively 
expensive. This further modification included only 
increasing the cooling capacity and making the shield 





Figure 22. A typical experiment can be used in the 4-inch square holes. 

Lead wires to furnaces, and thermocouples or other metering devices are 

brought out of the reactor through serpentine openings through the 

shield plugs 



Figure 23. The original bare mockup of the materials testing reactor 

(MTR) which was later converted to the reactor now known as the low 

intensity testing reactor (LITR) 

thicker. This was completed and operation at a power 
level of 1.5 megawatts began on April 25, 1952. This 
was raised to 3 megawatts on September 2, 1953, 
by further thickening the shielding on the exit water 
line from the reactor. 

The LTTR is a heterogeneous light water cooled, 
light water moderated, beryllium reflected enriched 
uranium reactor. The size of the core that contains 
the fuel plates is roughly 2 ft high by 9 in. wide by 
2 ft long and contains about 3400 grams of U 23B . 
The fuel assemblies are roughly 3-in. square pipes 
which contain sixteen 24 rj -in. long plates each con- 
sisting of a layer of an aluminum and enriched 
uranium alloy sandwiched between layers of alumi- 
num. Two walls of the pipe are also fuel plates making 
a total of eighteen plates per element. The total thick- 
ness of each plate is about 60 thousandths of an inch. 
They are separated about a tenth of an inch apart 
by spacers to allow passage of water for cooling. The 
water between the plates is also the neutron modera- 
tor. The plates are curved laterally on a 5.5-in. radius 
to strengthen them and to define the direction of 
thermal deformation. 

The shim-safety rods are actually special fuel 
elements. Their total length is 13 ft !}<$ in. The lower- 
most section is made of stainless steel to provide 
weight and to withstand the impact of hitting the 
shock absorber when the rod falls. The bottom end is 
cylindrical and acts as a piston in the water-filled 
shock absorber shell to lessen the force of impact 
upon the bottom of the tank. Above the stainless 
steel portion is an aluminum section containing fuel 
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MORTARED 
CONCRETE BLOCKS 



FILLED WITH - 1 

UNMORTARED CONCRETE BLOCKS 
AND SAND 




Figure 24. Sectional drawing of the LITR showing the reactor tank, core, beam holes, shielding and Infernal water lines 
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Figure 25. (Left) A view of the LITR core space with the permanent beryllium being stacked around the beum S.ole thimbles 
Figure 26. (Right) A view of the LITR core space with the stacked beryllium tn place prior to being covered with the sheet aluminum housing 



plates. The fuel plates are in the core when the rod 
is fully withdrawn into the operating position. 
Immediately above the fuel plates is a shell of cad- 
mium metal sheathed with aluminum. The cadmium 
is in the core when the r ^d is in the down position. 
Above the cadmium is a further extension of the 
aluminum section and the top of the rod is a nickel- 
plated steel block mounted on a spring-loaded ball 
and socket joint which is keyed to limit its movement 
to tilting only. This steel top allows the rod to be 
lifted by an electromagnet which hangs from the top 
cover of the tank on a drive shaft. Above the cad- 
mium section and below the fuel section there are 
slots in each of the four sides. These eight slots arc 
about 12-in. long and about 1-in. wide. Their purpose 
is to allow water to flow over the cadmium and fuel. 

The regulating rod used by the automatic control 
is a hollow-diameter cylindrical shell that contains 
strips of cadmium metal between two layers of 
aluminum. It does not enter the core but operates 
in the reflector. 

The reactor tank which is 26 ft ( > 1 ?ir, in. high is 
actually five hollow cylinders stacked to form a single 
tank. The two top sections are carbon steel. The next 
section is a stainless steel expansion ring. Next is a 
3-S aluminum section which contains the beam hole 
thimbles and encloses the reactor core. Last is another 
carbon steel tank. The bottom of the tank is a hollow 
carbon steel disc which in the MTR contains lead 
for shielding but in the LITR is empty. The tank 
is supported both at the bottom and top by steel 
beams and thermal expansion is absorbed by the 
expansion ring. 

The support for the core and reflector is an alumi- 
ium casting which is anchored to the tank wall. 
Centered in the casting is a removable 45-place grid 
that supports the bottom of the fuel elements and 
removable beryllium pieces. Eight of the 45 holes 
in the grid are large enough for the shim-safety rods 
to pass through. All but three of these are narrowed 



with adapters to hold the bottoms of fuel elements or 
beryllium pieces. Hanging below this grid is a bearing 
support for the shim-safety rods. Shock absorbers 
for the rods sit upon the bottom of the tank. A per- 
manently stacked beryllium reflector made up of 
beryllium blocks whose maximum size is 2 in. by 2 in. 
by 8 in. is built up around the core to a height of 
41 in. and enclosed on all sides by an aluminum 
housing. The minimum thickness of this stacked 




Figure 27. The ionization chamber access tubes before being covered 
with shielding 
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Figure 28. The stacking of the unmortared concrete block shielding. 
The large pipes are the beam hole tubes 

beryllium is 8 in. and occurs on the sides where the 
beam holes enter. It is formed around the beam 
hole thimbles which terminate at the core itself 
(Fig. 25). Since no provision was made for forced 
cooling of the beryllium in the stacking, the power 
level is limited to the present 3 megawatt level be- 
cause of nuclear heating in this region which is about 
0.4 watt per gram at 3 megawatt power level. At the 
ends of the core the stacked beryllium goes to the 
tank wall itself to provide a better path for neutrons 
to the ionization chamber thimbles which are ter- 
minated outside the tank wall. This beryllium contains 
two vertical holes to accommodate regulating rods 
used by the automatic power control. Only one of these 
holes is used for this purpose. The other is used for 
exposure of targets. 

A second grid assembly fits over the tops of the 
fuel elements to further assure their being vertically 
aligned and holds the upper bearings for the shim- 
safety rods. This grid assembly must be removed in 
order to have access to the core for fuel replenishing. 
Figure 30 shows the finished core as it was for 500 kw 
operation with the upper assembly of grids removed 
and suspended at one side of the tank. 

The hollow, flanged carbon steel disc known as the 
top plug which fits into the top of the tank to form a 
water seal also serves as a support for drive motors 
and shafts for the shim-safety rods and the regulating 
or control rod (see Fig. 31). Four support columns 
hold a horizontal steel frame below the top plug. 
This frame contains guide bearings for the rod shafts. 
At the corners of the frame are sockets which fit over 
aligning pins anchored to a heavy steel ring which in 
turn, is anchored to the flanged junction of the top 
tank and the smaller tank immediately under it. The 
guide frame is spring mounted on the columns from 
the top plug so that actual aligning is done by the 
aligning pins in the tank. Four upright columns on the 
top plug support a platform upon which are mounted 
two of the shim-safety rod drive motors and the 
drive motor for the regulating rod. The third shim- 
safety rod drive motor which is not standard is 



Figure 29. The tITR control console; the power level recorders or* 
behind the console 

mounted upon the top plug itself and requires a gear 
train to approximate the drive speed of the other two. 
The shield around the reactor tank is built up of 
unmortared concrete blocks (see Fig. 28) except for 
the outermost 1 foot layer which is of mortared con- 
crete block covered with a layer of smooth concrete 
stucco. The minimum thickness is 10> feet. All 
cracks in the unmortared block are filled with sand. 
A layer of boron-carbide impregnated plastic was 
spaced at a 3-in. distance around the core tank and the 




Figure 30. Looking down into the reactor tank as assembled for 500 kw 

operation. The return water line from the bottom section is now 8 inches 

in diameter. The upper assembly of grids hangs from a bracket at 

top of the tank. The shaft it hangs by is a removable handling tool 
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3-in. space was filled with sand. The plastic has been 
destroyed by radiation leaving a layer of boron and 
carbon. The boron reduces the number of capture 
gammas born in the shield. Radiation through the 
shield in the beam hole rooms is less than 5 mr/hr at 
full power. 

The water cooling system has a total volume of 
about 13,()(K) gallons. Usually only 10,000 gallons 
is used. About 4000 gallons is in the reactor tank, and 
another 4000 gallons is in a 7000-gallon tank in series 
with the reactor. This second tank serves as a reser- 
voir, a degassing tank, and a hold-up tank to allow 
decay of short-lived radioactivities such as N 1B . 
The remaining 2000 gallons is in the lines, heat- 
exchangers, pumps, strainers, filter, and demineralizer. 
The water is recirculated through the system at a 
rate of 1200 gallons per minute and no purging is 
done except in unusual circumstances. 

Two 75-horsepower 1500-gpm electrically driven 
centrifugal pumps are used to circulate the water. 
Only one pump is used at a time and the other is 
kept in standby. In order to know that they are in 
working order they are used alternately for about one 
week periods. These pumps have stainless steel 
impellers and cast carbon steel housings. 

Two water to air heat exchangers remove the heat 
from the water (see Fig. 32). These are made up of 
banks of finned aluminum tubes over which air is 
blo\\ n by propellers operated by 40- and 10-horse- 




power two-speed electric motors. They were designed 
to dissipate 2 megawatts of heat during the hot 
summer days (90F), so a water-to-water shell and 
tube heat exchanger must be used during the summer 
to remove the other 1 megawatt at the present power 
level. The shell and tube heat exchanger is used 
during very cold weather to add heat to the system 
during shutdowns to prevent freezing. This is done by 
passing steam through the shell. 

Since all the piping in the system is mostly either 
aluminum or carbon steel, enough iron hydroxide and 
aluminum hydroxide builds up in the water to impair 
visibility through the 20 feet of water in the reactor 
tank so that shutdown work in this region (fuel 
renewal, etc.) becomes very difficult. Originally the 
water was purged during every shutdown to improve 
clarity. The installation of a cellulose 6ber bypass filter 
has completely eliminated the water clarity difficulty 
and actually provided greater visibility than was pos- 
sible with the purging technique. Up to 400 gallons per 
minute can be bypassed through the filter. The life of 
the filter media is 6 to 8 weeks; then it begins to 
disintegrate. A lucite viewing plate is provided in the 
filter housing so that the beginning of disintegration 
can be seen and the media changed before it becomes 
distributed through the cooling system. 

In order to minimize corrosion of the aluminum 
parts of the reactor, the pH of the water must be 
maintained between 5.5 and 6.5 and the specific 
resistance greater than 250,000 ohms. These condi- 
tions are maintained by use of a bypass demineralizer 
which is a system of three ion exchange resin columns 
capable of handling a flow of 14 gallons per minute. 
The three columns are in series. The first is a cation 
exchanger and the second is an anion exchanger, the 
purpose of these two being to remove most of the 
foreign materials from the water. The third column is 
a mixed bed unit which further dresses up the water 
and has an effluent of better than 2,000,000 ohms spe- 
cific resistance. In removing ions from the water, the 
columns remove practically all the radioactivity from 
the water and thus minimize shielding for the system. 
The reason for not using only a mixed bed unit is that 




Figure 31. A view of the top plug partially elevated. The lead wires to 

the shim rod and regulating rod drives are still connected. This area is 

now enclosed 



Figure 32. The water-to-air heat exchangers used for removing heat 
from the reactor cooling water 
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the anion exchange resin is more subject to radiation 
damage than the cation. By using separate primary 
columns, which are easily replaced, or regenerated, 
the life of the mixed bed resins is much prolonged with 
respect to regeneration and especially with respect to 
radiation damage to the anion component of the mixed 
bed. The water flow through the demineralizer is from 
the exit line from the air-water heat exchangers to the 
suction side of the circulating pumps. 

Where the water lines pass through areas frequented 
by personnel, they are shielded by either lead or 
barytes concrete blocks. 

The path of the water through the system is thus: 
Beginning at the storage tank it moves to the pump 
and all but the 200 to 400 gallons per minute which 
goes to the filter goes on through the water-to-air heat 
exchangers. The portion that goes through the filter 
bypasses the heat exchangers. After passing through 
the water-to-air heat exchangers all the water goes 
through a strainer and part or all can be passed 
through the shell-and-tube heat exchanger. From this 
point 14 gallons per minute is bled to the demineralizer 
and returns to the low suction side of the pump. After 
the shell and tube heat exchanger all the water collects 
into one 8-in. diameter aluminum pipe and rises to 
the top of the reactor tank. Just before it reaches the 
tank it passes a radiation monitor which shows a 
measure of the radioactivity of the water on a re- 
corder in the control room. The orifice for measuring 
the water tlow is also in this region. The water then 
enters the top of the reactor tank and flows downward 
through the core. Below the core it enters the exit 
water line which rises inside the tank beside the core 
and emerges from the tank near the top. This ar- 
rangement makes a "U" trap of the reactor tank 
itself and limits the amount of water that can be lost 
from the tank in the event of an external leak. From 
the top of the reactor tank the exit water line descends 
directly to the storage tank. 

Instrumentation for the reactor controls and safe- 
guards uses the signals from four ionization chambers 
and a fission chamber. When the reactor is just being 
started up, the neutron llux in the region where the 
chambers are located is very low and must be moni- 
tored by the fission chamber. This is a small counter 
tube whose inside surface is plated with uranium 
enriched in U m . In order to keep the fission rate in 
the chamber in the range of the counter circuit, the 
chamber is mounted on a chain drive by which it can 
be moved farther from the reactor core as the neutron 
flux increases. The counting rate recorder contains 
contacts that require that it be showing at least two 
counts per second but not be off scale in order for the 
shim-safety rods to be moved upward from the core. 
During the time that the fission chamber counter is 
the only instrument showing a reading, the shim rod 
drive mechanism is limited by a timer so that the drive 
can be on only one second out of four. 

The next instruments that begin reading as the 
neutron flux increases are what are known as the 
Log N meter and the period meter. The Log N re- 



corder has a logarithmic scale and becomes operative 
when the power level is only 1/1,000,000 of the maxi- 
mum power level. The period meter shows the rate of 
rise of the Log N. The signal to this instrumentation 
is from a gamma-compensated boron-coated ionization 
chamber which can be adjusted only during reactor 
shutdown. Startup limitations are imposed by both 
the period and the Log N meters. The period meter 
limits initial startup rate to greater than a 30-second 
period during simultaneous withdrawal of the shim 
rods. A period as short as 7 seconds is allowed for 
single rod withdrawal, and a 5-second period causes 
automatic insertion of the rods by the drive. A one- 
second period causes the magnets to release the rods 
allowing them to fall into shutdown position. The 
Log N recorder contains contacts which drop out 
restrictions and add others as the power level in- 
creases. At 1/1,000,000 of full power, it gives permis- 
sion to continuously withdraw all three rods simul- 
taneously and then requires that this permission be 
relinquished between Mooo and Vj'oo of full power. 
Tt also requires that the period be longer than 30 
seconds when JKoo f ^ u ^ power is reached in manual 
operation or that the automatic control has begun 
operating if in automatic; otherwise a reversal of the 
rod drive is initiated. It also requires that the power 
level be greater than Moo of full power when auto- 
matic control begins operating; otherwise the input 
demand to raise the power by the automatic control 
cannot be increased. When the reactor power falls 
below Kooo of full power in the event of a shutdown, 
a contact on the Log N resets the automatic control 
demand to Moo of full power to prepare for startup. 

The automatic control ionization chamber is not 
gamma compensated so it is not used until the power 
level is at least Moo of full power. As soon as its out- 
put is greater than a set bias, it becomes effective and 
the automatic control takes over. This is set to occur 
at Moo of full power. This chamber is boron-coated 
for neutron detection and is not capable of being 
adjusted, position wise, unless the reactor is shut 
down. The automatic control instrumentation uses 
the regulating rod to either raise or lower the reactor 
power so that the chamber output balances an input 
demand signal. The regulating rod is limited to 0.25 
per cent &k/k and cannot initiate an unsafe condition. 
Tf a positive period develops in the reactor that cannot 
be handled by the regulating rod, the control instru- 
ments insert the shim rods. The reverse condition 
cannot happen, i.e., the instruments cannot initiate 
withdrawal of the shim rods. In order to keep the 
regulating rod in its most effective position, half in- 
serted, the operator must make small infrequent 
adjustments of shim rod position. 

Two identical power monitors are used for power 
levels above 1 per cent of full power. These take sig- 
nals from boron-coated non-gamma-compensated 
ionization chambers which can be adjusted only during 
reactor shutdown. These chambers give signals to two 
linear recorders which show the power level from 1 
per cent to 150 per cent of full power. On each recorder 
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Figure 33. The chopper type neutron velocity selector used for cross- 
section measurements in the d/E neutron region. The beam strength for 
these neutrons is 2 X 10" n/cm 2 -$ec 

are contacts which cause a slow reduction of power by 
way of the automatic control if the reading exceeds 
110 per cent of full power and a fast reduction by 
shim-safety rod insertion if 120 per cent is exceeded. 
The output from these chambers is also fed to the 
magnet power control and causes a reduction in mag- 
net current as the power level increases. At 145 per 
cent of full power, the magnet current is sufficiently 
reduced to cause the magnets to release the rods to 
cause a full shutdown of the reactor. This is the same 
system that the period meter operates through to 
cause a scram at a 1 -second period. 

The temperature differential to determine power by 
heat output is measured by thermocouples in wells in 
the inlet and exit water lines to the reactor. The water 
flow measurement for this determination is measured 
by a calibrated manometer across an orifice in the 
inlet water line. All other instrumentation is calibrated 
from the heat output. 

Other instrumentation includes monitoring or pro- 
visions for monitoring the following: (1) radioactivity 
of the inlet water line, (2) radioactivity and tempera- 
ture of the diluent from individual fuel elements, (3) 
pH and specific conductivity of the water system and 
of the effluent from the demineralizer, (4) power load 
on the pumps and heat exchanger blowers. 

EXPERIMENT FACILITIES IN THE LITR 

The experiment openings and core spaces in the 
LITR are similar to but less in number than those of 
the MTR. Six horizontal beam holes with internal 
thermal neutron fluxes ranging from 8 X 10 12 to 
3 X 10 13 n/cm 2 -sec go through the concrete shield and 
up to the core within the tank as shown in Fig. 25. 
These have an internal diameter of 6 inches for the 
portion within the reactor tank and change to 7 inches 
and then 8 inches in diameter in going outward to 
provide for stepped shield plugs to minimize radiation 
streaming along the plugs. The beam holes are used 
primarily for the exposure of materials, either static 
as in the case of crystal damage or dynamic as in the 
case of circulating loops of homogeneous reactor fuels. 



One beam hole is more or less permanently occupied 
by a chopper-type neutron velocity selector used for 
cross section measurements as shown in Fig. 33 while 
the olhcr beam holes are devoted to less permanent 
usages. Figures 34 and 35 show the method used to 
remove shield plugs from beam holes. The wide "T" 
handle on the tool is provided to allow the operators 
to stand outside the beam from the hole as the plugs 
arc removed. Two horizontal pneumatic tubes are 
available which can accommodate samples up to i?-in. 
in diameter by I 7 g-m. long. 

In the core some of the removable beryllium pieces 
can be replaced with experiment equipment if the 
neutron absorption by the experiment is not t xcessive. 
In the spaces which correspond to shim-safety rod 
positions in the MTR but are not used as such in the 
LITR, access tubes can be inserted through the unused 
shim-safety rod holes in the top plug and on into hol- 
low beryllium pieces in the core. These provide for 
irradiating small targets or pieces of equipment in 
thermal neutron fluxes up to 4 X 10 1S n/cm 2 -sec. 
Three removable beryllium pieces have been replaced 
with vertical trays made of a magnesium-aluminum 
alloy to provide multiple spaces for irradiating small 
targets in thermal neutron fluxes up to 2 X 10 18 
n/cm 2 -sec. Four 3%-in. diameter vertical holes out- 
side the reactor tank provide up to only 4 X 10 11 
n/cm 2 -sec and are used primarily for ionization 
chamber development. 

Experiments performed in the LLTR require more 
rigid instrument monitoring than those in the Graph- 
ite Reactor because of the nuclear heat damage in the 
event of loss of coolant to the experiment equipment. 
This generally involves an automatic power reduction 
or shutdown of the reactor. For this reason, practically 




Figure 34. A view of operators removing a beam hole shield plug. The 

wide "T" handles on the tool permit the operators to stand outside the 

radiation beam from the hole 
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all experiments other than simple target irradiations 
in the water-cooled core must be equipped to send 
automatic signals to the reactor safety circuits in the 
event of excessive heat or other undesirable condition. 

Operation of this reactor has for the most part been 
uneventful as far as the reactor behavior itself is con- 
cerned. The instrumentation has performed as de- 
signed and the control system has operated as planned. 
Only the usual types of instrument failures have oc- 
curred such as broken or shorted wires, tube burnout, 
and relay failure. Duplication of necessary functions 
in the instrumentation and fail-safe features have, 
however, prevented these from being serious. 

The only really perplexing problem arose during 
operation at the 1000 kw power level early in the life 
of the reactor. This was the appearance of bubbles 
rising out of the core accompanied by minor power 
fluctuations. It was finally discovered that the water 
circulating pump then in use was designed to be an 
acid pump and was built to draw air in through the 
shaft seals to prevent loss of arid. This air dissolved 
into the water and was released as bubbles when the 
water was heated in passing through the core. Since 
the flow rate was only 300 gallons per minute, its 
velocity through the core was not sufficient to prevent 
the bubbles from rising counter current to the flow and 
causing the power fluctuations. 

Reactors of this type lose fission product gases to 
the water from pores in the fuel element plates when 
operated at high powers. This does not cause a serious 
problem but does require that the top of the water 
storage tank be connected to the off-gas system since 
this is the only place in the system where gas can 
collect. Also a small amount of the water is dis- 
sociated when passing through the core and would 
cause an explosive mixture of hydrogen and oxygen 
to collect in the top of the storage tank if it were not 
continuously purged. 

Two other lower power reactors of the LITR type 
are being operated as sources for shielding studies by 
the Physics Division. These, however, are not general 
purpose reactors and are usually not available for 
uses by other research divisions. 

The Geneva Conference Reactor being operated by 
personnel from the Oak Ridge National Laboratory 
is also a reactor of this type. It, however, relies upon 
convection for coolant flow and cannot operate at a 
high power level. 

CONTAMINATION CONTROL 

The problems involving radiation hazards to 
personnel are, of course, common to both these 
reactors and are present where any reactor, par- 
ticularly a research reactor is operated. Where there 
is frequent removal of materials from a reactor it is 
very difficult to prevent some contamination spread 
and some exposure of personnel to radiation. 

At the graphite reactor it has been found necessary 
to carefully wipe all handling tools with moist cloths 
as they are withdrawn from experiment holes or fuel 
channels. Tools or pieces of equipment that cannot 




Figure 35. Lead shield for the beam hole shield plugs. The vacuum 

cleaner is used throughout any removal of plugs or experiment pieces 

to clean up radioactive dust 



be wiped are drawn past a vacuum opening to remove 
any particles that might have been picked up within 
the reactor (Fig. 15). Every tool removed from the 
reactor is placed on paper spread upon the floor. 

At the LITR it is in most cases impossible to use 
the wiping technique due to the high radiation coming 
from any open beam hole (up to 100 r/hr) until the 
tools have been removed to one side. For this reason 
they must be carefully handled and laid upon paper 
until they have been decontaminated. The inside 
of beam holes at the LITR are not subject to an 
internal suction as the ones at the graphite reactor 
are except for the outer one foot so when a shield 
plug is pushed into a hole too fast, radioactive dust 
is blown out by the expelled air. Vacuum cleaners 
and suction lines from the off -gas system are used as 
much as possible to minimize this condition. 

After any work is performed at any beam hole 
in either reactor or at the fuel channels in the graphite 
reactor, the area is carefully cleaned by mopping 
and thoroughly checked by radiation detecting instru- 
ments. This is in addition to the continuous radia- 
tion monitoring that is always done while any such 
work is in progress. 

At the top of the LITR during work in the core, 
long handling tools, shields, and submarine lights 
must be frequently inserted and removed. Since the 
water in the reactor is radioactive, all these items 
must be rinsed with fresh demineralizcd water as 
they are withdrawn. 

In order to keep down the spread of radioactive 
dust that is not concentrated enough or not radio- 
active enough to be read with portable radiation 
detection equipment, two procedures are used. One 
is the use of the smear technique in which small 
areas (about 100 cm 2 ) are rubbed with a piece of 
absorbent paper about 1]^ in. in diameter and the 
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paper counted by standard beta-gamma and alpha 
counters. The other method is the use of X-ray films 
which are taped to surfaces and take radioautographs 
of radioactive particles. The use of the films shows 
the presence of imbedded particles which cannot be 
found by the smear technique. 

In order to guard against the exposure of personnel 
to radiation without their knowledge, it has been 
found unwise to rely upon the voluntary warning 
from personnel handling radioactive materials, so 
radiation monitoring instruments that sound a loud 
alarm bell when the radiation exceeds 7J> nir/hr are 
located in or near all work areas in the reactor build- 
ings. Constantly operating air activity monitors which 
sound loud alarms are located about the buildings. 

OPERATING AND SERVICE PERSONNEL 

The Reactor Operations Department, a part of 
the Operations Division, is responsible for the opera- 
tion and maintaining of the Graphite Reactor and the 
LITR. Tn addition to the two reactors, this depart- 
ment also operates a water demineralizer plant, a 
hydrogen liquefier, and does the handling work for a 
canal in which most, of the radioactive materials 
from other sites are unloaded and stored. The per- 
sonnel in the department consist of five technical 
men, one secretary anc twenty non-technical men. 



The five technical men are the department super- 
intendent, two department supervisors who report 
to the superintendent, and two day-shift supervisors 
who report to one of the department supervisors. 
The other department supervisor serves as liaison 
between the Reactor Operations Department and the 
various research groups and aids in the preparation 
and operation of experiments in the two reactors. 
Four of the non-technical men are shift foremen and 
supervise the other non-technical men during 24-hr 
per day operation. The foremen are in direct charge 
of the operation of the reactors at all times. Although 
they have not had formal technical training, they 
have had sufficient training in the operation of the 
reactors to be competent in all physical fihases of the 
work. 

Repair work and equipment revision is done by the 
maintenance departments which also service other 
equipment and buildings. 

In order to have standard radiation and con- 
tamination control, the personnel that handles the 
monitoring is also a central service group. These 
people check all work involving radiation in the 
reactor building? or elsewhere to see that personnel 
do not become exposed to dangerous amounts of 
radial ion and that all radioactive contamination is 
removed from equipment and work areas. 



Research Program and Operating Experience on ANL Reactors 
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Argonne National Laboratory and its predecessor, 
the Metallurgical Laboratory of the University of 
Chicago, have had 13 years of experience using the 
nuclear reactor as a tool for research. In a brief 
review, only a few of the techniques which have been 
developed can be mentioned. Most of the research 
accomplished directly with the reactor, as dis- 
tinguished from the use of radioiso topes, has made 
use of the neutron flux of the reactor and, thus, has 
not been an application in which the reactor is unique. 
In most cases, however, the nuclear reactor is supe- 
rior to any other neutron source because of the mag- 
nitude of the neutron flux and because of its steady 
availability. 

GRAPHITE REACTOR 

From 1942 until 1954, the original graphite reactor 
(named Chicago Pile 2, or CP-2) was used continu- 
ously. The reactor had no cooling other than leakage 
of heat from its surface and, therefore, was limited to 
a continuous power of not more than 10 kw. A catalog 
of experiments which were performed first with this 
reactor would be very extensive, but of course as other 
reactors with higher flux were made available the 
effectiveness of the low power graphite machine was 
exceeded in many applications. For some, the useful- 
ness of the graphite reactor remained unique, and the 
description here will be limited to these experiments. 

Danger Coefficients 

The graphite reactor has consistently performed 
well in the so-called danger coefficient experiments. 
Two applications of this method will be mentioned. 

Uranium metal and graphite which are routinely 
produced for reactor use must have carefully con- 
trolled purity. The usual methods of chemical analysis 
arc used by the manufacturers of these special mate- 
rials to control the quality of their products. In ac- 
cepting these materials for reactor construction, there 
has been considerable question regarding the ade- 
quacy of the analytical methods, especially for trace 
amounts of high cross-section elements such as boron. 
The graphite reactor easily can be arranged to provide 
a check on representative samples of either graphite or 
uranium. Stringers of graphite are so arranged that 
they can be pushed into or out of the reactor and, by 
substituting the samples to be tested for samples of 
standard quality and measuring the effect on the 
reactivity of the reactor, a sensitive test of the purity 
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of the materials is obtained. This use of the reactor has 
saved a sizable amount in analytical costs and has 
guaranteed that the materials to be used in reactor 
construction fully meet the specifications. 

A graphite reactor which is not operated at any 
appreciable power is particularly suitable for such 
work because adequate volume is available in the core 
and because of the very great stability of the system. 
Temperature effects do not disturb the reactivity and 
the only troublesome perturbation is due to changes in 
atmospheric pressure. Atmospheric pressure changes 
can be handled by appropriate corrections to the 
reactivity measurements or can be entirely eliminated 
by using a gas-tight container on the reactor and 
sealing off the test space from the general reactor 
atmosphere. 

The danger coefficient type of measurement also has 
been made with the graphite reactor to obtain esti- 
mates of the long-term reactivity changes in an operat- 
ing reactor. Tn this measurement, a fuel element which 
has had long irradiation is compared for its effect on 
the reactivity of the graphite reactor with an identical 
sample which has not received long irradiation. The 
relative effect on the reactivity of the reactor is intcr- 
pretable in terms of a substitution of plutonium for 
U 235 in the test sample and in terms of the accumula- 
tion of fission products in the test sample. Results of 
this nature are reported in a Geneva Conference Paper 
by Spinrad, Carter, and Eggler. 1 

Source Intercalibration 

The intercalibralion of neutron sources is a matter 
of considerable consequence to experimenters who 
depend upon the absolute measurement of neutron 
flux. The history of neutron ilux standardization is 
fairly long but essentially is based upon several neu- 
tron sources of the radium-beryllium type whose ab- 
solute yield of neutrons has been measured. Frequently 
it is necessary to intercalibrate such a standardized 
neutron source with others. The graphite reactor has 
been very useful for this and has made possible inter- 
calibrations with an accuracy of approximately 1 per 
cent. 2 This method of intercalibrating the sources is 
similar to the danger coefficient measurement except 
that the reactor is made slightly subcritical. The 
sources are interchanged in a fixed position in the 
reactor core. The neutron intensity as measured by 
an ionization chamber which is far distant from the 
source is directly proportional to the strength of the 
source. The method works exceptionally well if the 
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sources emit neutrons of the same spectrum; where 
the spectrum differs markedly, a small correction for 
neutron energy difference is necessary. 

Source for Exponential Experiments 

The sub-critical pile or exponential pile method of 
determining the buckling of various combinations of 
reactor materials is a well-established experimental 
technique. The low-power graphite reactor, operated 
at about 10-kw power, has been a splendid source of 
neutrons for such experiments. The neutrons are led 
to the exponential experiment by a thermal column 
which is part of the top shield of the reactor. At the 
power indicated, irradiations of about 10 minutes are 
sufficient to give ample intensity using small indium 
foils as detectors in the exponential experiment. 

HEAVY-WATER REACTORS 

Argonne National Laboratory also has had a num- 
ber of years of experience with heavy water-moderated 
research reactors. The first of these was placed in 
operation in 1944 and is briefly described by W. H. 
/inn. 3 This reactor had a maximum neutron flux of 
10 12 n/cm 2 /scc for the first six years of its existence; 
by changing from natura- uranium fuel elements to 
enriched uranium fuel elements, its neutron flux was 
raised to 4 X 10 12 n/cm 2 /sec for the remaining four 
years of operation. This reactor was primarily used in 
two ways. First, there evolved a whole series of ex- 
periments in neutron optics; and secondly, the so- 
called pile oscillator, a natural outgrowth of the 
danger coefficient techniques, was developed and 
brought into wide use as a tool for the measurement of 
absorption cross sections. 

Neutron Diffraction 

For the study of neutron interactions in the thermal 
and the resonance regions, a variety of devices which 
produce a more or less monochromatic beam have 
been developed. The simplest of these is the filtering 
technique in which the Bragg reflection of neutrons 
from the polycrystals of a bar of graphite, for instance, 
are used to deflect out of the main beam all but the long 
wave length neutrons. These so-called "cold" neu- 
trons represent the most successful technique evolved 
so far for measurements in the low energy neutron 
regions. 

The diffraction of neutrons by a single crystal first 
was demonstrated with the intense collimated beam 
from the heavy water reactor, and the use of a crystal 
monochromator for the investigation of neutron 
resonances is a well-established technique. 

Mirror Reflection and Other Neutron 
Optics Experiments 

The highly collimated beam has been used to study 
the total reflection of neutrons from mirrors, leading 
to a technique which has been very fruitful in studying 
the phase of scattering. The use of magnetized mirrors 



has opened up a considerable area of research, as has 
the polarization of a collimated beam of neutrons in a 
passage through magnetized materials. The neutron- 
electron interaction has been studied by means of a 
collimated beam and such beams have been most use- 
ful in the study of scattering resonances. A highly 
collimated beam of neutrons and a pair spectrometer 
have given important information on the spectrum of 
capture gamma rays. Examples of the experimental 
arrangements for typical experiments with neutron 
beams are included in a subsequent section concerning 
the present program with the heavy water-moderated, 
enriched uranium reactor (CP-5). 

Pile Oscillator 

The oscillator which was used to the greatest ex- 
tent with the first heavy water reactor (CP-3, CP-3') 
has been described by Langsdtfrf . 4 The apparatus is so 
arranged that the sample under investigation is 
moved from a point at the center of the reactor to a 
point at the edge of the core in a cyclic fashion. The 
detector, which is a boron-coated ionization chamber, 
is located at 1 he outside of the reactor tank. The signal 
from the ionizat.ic.in chamber is measured by a reso- 
nant or selective electronic circuit. The absorption 
cross section of the sample is directly related to the 
amplitude of the oscillating electrical signal. When 
used with CP-3, the oscillator had a limit of accuracy 
of 0.001 cm 2 of thermal absorption cross section. This 
permitted the detection, for instance, of as little as 
25 micrograms of boron. Absorption cross sections of 
most elements of the periodic table have been meas- 
ured with this apparatus. Difficulty is encountered 
only in those elements where moderation or over- 
whelming scattering enter as disturbing effects. 

OPERATING EXPERIENCE WITH THE 
CP-5 REACTOR 

Continued improvement in reactor technology and 
demands for a higher neutron flux led to the construc- 
tion of a new, enriched uranium, heavy water-moder- 
ated reactor, CP-5. The reactor has been in use a little 
over one year. No difficulties whatsoever in the normal 
operation of the reactor have been experienced. The 
following comments are made to illustrate some of the 
operating procedures which have been given special 
attention in order to insure continuous and trouble- 
free operation. 

Excess Reactivity for Operation 

The matter of the amount of excess or flexible reac- 
tivity which must be available in the reactor in order 
to permit operation is of importance both from the 
point of view of the routine control and of safety. The 
CP-5 reactor requires a maximum of 7 per cent &k/k 
at 30C when freshly loaded with fuel. This amount of 
reactivity is easily controlled with the shim-safety 
rods of the reactor. This amount of excess reactivity 
also is not sufficient to lead to any serious trouble if 
any considerable fraction of it were actually applied 
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to the reactor. This conclusion follows from a study 
of the effects of excess reactivity on a light water- 
moderated reactor having fuel plates similar to those 
used in the CP-5 reactor. The results of the light water 
study are recorded by J. R. Dietrich. 5 The application 
of the results of the light water-moderated experiments 
to the heavy water case involve a calculation of the 
reactivity coefficient for steam voids in the heavy 
water reactor. It is easily seen that only a small 
amount of steam would have to be formed in the fuel 
elements of CP-5 in order to reduce reactivity by an 
amount larger than 7 per cent &k/k. Because of the 
long lifetime of the neutrons for the heavy water reac- 
tor, the possibility of obtaining a short enough period 
to damage the fuel plates is considered very remote. 

Fuel Handling and Inventory 

Fuel elements are removed from the reactor by 
drawing them upwards through the shield into a 
lead cask weighing approximately eight tons. They 
are discharged into pipes placed in concrete below 
grade. Because of the small number of fuel elements 
and the infrequent replacement required, the handling 
of the fuel has been a very simple matter. 

The inventory of fuel required to keep the reactor 
in operation depends somewhat on the cycle of 
loading fuel in the reactor and sending it to chemical 
processing. An estimate of the amounts required is 
included in reference 3. 

Heavy-Water Handling 

A question of considerable importance in the 
operation of a research reactor, moderated with heavy 
water, is the amount of difficulty or effort required 
to cope with the fact that heavy water is an expensive 
material. The loss of heavy water can be held to a 
very low figure. Present experience in the CP-5 
reactor indicates that heavy-water losses are essen- 
tially nil. A certain consumption of heavy water 
occurs in deuterating the resin beds which are neces- 
sary in order to maintain the purity of the water. 
For instance, the resin bed (volume = 0.5 ft 5 *) is 
quickly exhausted after the initial startup. Tn CP-5, 
the first bed had to be replaced in two months. A 
second bed was exhausted after four months of 
operation. The third bed, however, has been in 
operation almost, a year and is maintaining con- 
ductivity of the water at a satisfactory level of 0.33 
micromho. This history indicates that the initial 
cleanup of the system makes a considerable demand 
for fresh resin and therefore constitutes a loss of the 
heavy water which is used for deuterating the resins. 
The flow rate through the resin column is 4 gpm, 
which suffices to keep the seven tons of heavy water 
at a pD value of 6.5. The long-lived activity of the 
reactor water due to dissolved material, under these 
circumstances, is almost negligible. Pipes six inches 
in diameter carrying 1000 gpm directly from the 
operating reactor show an activity level of 1.5 r/hr 
at the surface, but this is all short-lived activity 
associated with oxygen and nitrogen activation. 



After shutdown of the reactor, it is possible to ap- 
proach all parts of the cooling system immediately for 
direct maintenance. 

The iso topic quality of the water shows no ap- 
preciable deterioration with time. The heavy water 
was loaded into the reactor and cooling system without 
special conditioning of the interior surfaces. Initially, 
the isotopic purity of the heavy water was 99.6 per 
cent and after one and a half years the isotopic purity 
is 99.56 per cent. Most of this decrease occurred on 
the initial loading. In connection with the question 
of isotopic purity and the loss of heavy water, it is 
pertinent to cite the experience of the Laboratory in 
operating the CP-3 reactor over a period of ten years. 
For a good part of the ten years, the techniques of 
handling the heavy water, especially in maintaining 
purity, were not as welt developed as they are at the 
present time. Nevertheless, the heavy water which 
originally had an isotopic ratio of deuterium to 
hydrogen of 99.85 per cent had a ratio of 99.65 per 
cent when it was removed. During all of this time, 
the heavy water was circulated through a heat ex- 
changer which was cooled by light water. From time 
to time, the heat: exchanger was tested for leaks and 
those found were repaired. Also, from time to time, 
leaks which permitted atmospheric air to enter the 
reactor occurred. Nevertheless, the fact that there 
has been only this small depreciation in the quality 
of the heavy water indicates that it is a very easy 
matter to maintain isotopic purity. 

Similarly, it has been possible to take the heavy 
water once it has been heavily contaminated with 
dissolved material and clean it up to a point where it. 
fully meets reactor standards, and it has been possible 
to do this while maintaining continuous operation 
of the reactor. For instance, at one period, the heavy 
water in the CP-3 reactor showed a very high accumu- 
lation of dissolved material, principally aluminum. 
The water was purified by continuous distillation 
and by passing it through ion exchange resins. In 
the ten years of operation of the CP-3 reactor, the 
losses due to all causes were less than 1 per cent 
per year, and this without any extensive precautions 
to prevent loss and without many of the construction 
techniques designed to minimize loss which have been 
incorporated in the design of later heavy-water 
reactors. 

Helium System 

In CP-5, the free space above the heavy water 
in the reactor is pressurized with helium at 2^ inches 
of water pressure. This helium prevents the free 
entry of atmospheric air into the reactor when the 
upper plugs are removed for the insertion of fuel 
elements or experimental thimbles. The purity of 
the helium is normally 99 per cent or better and the 
fact that the acidity of the reactor water is main- 
tained at a pD value of 6.5 indicates that the forma- 
tion of nitric acid from nitrogen is essentially pre- 
vented by the purity of the helium gas. Also, this 
helium is circulated by means of a blower at the 
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Figure 1. Corrosion of ion chamber In beam hole 

rate of 4 cfm through a calalysl chamber for the 
purpose of recombining -ny deuterium and oxygen 
formed by disassocialio.i clue to neutron bombard- 
ment. At a power level of 1 Mw, deuterium is formed 
at the rate of 0.02 liter/minute. This small amount of 
disassociated gas is easily recombincd by the catalyst. 

Corrosion in Humid Air 

The formation of nitric acid by neutron irradiation, 
while not a problem inside the reactor, has been a 
matter of concern in the beam holes which enter 
regions of high llux. Figure 1 is a photograph of an 
ionization chamber and beam hole plug which were 
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exposed to the reactor radiation while air with high 
humidity was supplied to the hole. The corrosion of 
the steel of which the ionization chamber and plug 
were constructed is extensive. Because of this effect, 
the work area surrounding the reactor is supplied 
with conditioned air for which the relative humidity 
is held to 50 per cent. Where possible, beam hole 
plugs, collimators, and equipment are constructed 
of stainless steel or other materials for which cor- 
rosion is not to be expected. 

RESEARCH PROGRAM WITH CP-5 

In the following paragraphs descriptions of a few 
typical arrangements for experiments in physical 
research, reactor engineering, biology research, and 
teaching of reactor science are given. No attempt is 
made to relate all the work undertaken with the 
CP-5 reactor, nor are any res Jits given. The descrip- 
tions of experiments are not meant to give details 
adequate for analysis of performance but rather are 
meant to indicate the scale of equipment required in 
addition to the reactor. The various pieces of equip- 
ment illustrated in the following have been developed 
by menu'-era of the Metallurgy, Chemistry, Physics 
and Reactor Engineering Divisions of Argonne 
National Laboratory. Detailed descriptions are avail- 
able in the appropriate journals. 

Crystal Spectrometer 

One of the unique uses to which a research reactor 
can be put is the provision of an intense collimated 
beam of thermal and cpi-thermal neutrons for use in 
connection with crystalline diffraction. No other 
neutron source so far has proved satisfactory for 
diffraction work. The experimental arrangement, 
which is typical of reactor installations, is shown in 
Fig. 2. A collimator tube is inserted in one of the 

FISSION COUNTER MONITOR 

CRYSTALLINE POWDER SPECIMEN 
GONIOMETER 

BF, NEUTRON DETECTOR 



COLLIMATOR 

ROTATING SHUTTER 




URANIUM GAMMA SHIELD 
COPPER CRYSTAL 
GAMMA AND NEUTRON SHIELD 



Figure 2. Diagram of the crystal diffraction apparatus 
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horizontal beam holes which permits neutrons from a 
fuel element and the adjacent moderator to fall on the 
first crystal. The collimator opening has dimensions 
of 1.5 in. by 2.5 in. and therefore the beam of radia- 
tion falling on the first crystal is extremely intense. 
Shielding of this intense beam is one of the major 
technical difficulties encountered. The diffracted 
beam from the first crystal leaves its local shield 
and falls on the sample under study. The sample 
usually is in the form of a crystalline powder which 
is packed into a cylindrical sample holder. The 
neutrons diffracted by the crystalline powder sample 
are detected by the means of a large BF :J proportional 
counter, which is rotated automatically about the 
powder sample. 

The detection of the diffracted neutrons also is re- 
corded automatically so that the experimenter need 
not be present while the data are collected. The shield 
surrounding the first crystal is made up of a combina- 
tion of iron, pressed wood, and paraffin. The direct 
gamma-ray beam is interrupted by a block of uranium. 
Although the reactor power is held constant to better 
than 1 per cent, it does not follow that the neutron 
intensity emitted from a particular spot of a particular 
fuel element will be constant to the same degree. In- 
sertion of experiments into thimbles, operation at. 
various times of the xenon poisoning cycle, and opera- 
tion at various temperatures all bring about situa- 
tions in which different amounts of reactivity must be 
absorbed by the regulating rods. The variations in the 
position of the regulating rods cause variation in the 
neutron flux at any particular fuel element. In most 
experiments, therefore, it is found necessary to incor- 
porate a monitor in such a position in the apparatus 
so that it records the fluctuations in intensity of the 
primary beam. In the diffraction apparatus illustrated, 
this is clone with the part of the beam which is dif- 
fracted by the first crystal. 

Assay of Fissionable Isotopes by Fission Counting 

The identification of fissionable isotopes which can 
be produced only in very small quantities has been 
greatly aided by the development of techniques of 
operating a fission chamber in very high neutron flux. 
In order to determine the fission rate, it is necessary 
to know the number of fissionable nuclides, the fission 
cross section, and the neutron flux. The product of the 
fission cross section and the neutron flux can be ob- 
tained by using a standard sample of the material 
under investigation. Thus, a determination of the 
fission rate in a high neutron flux gives a sensitive 
measure of the amount of fissionable material in an 
unknown sample. The success of the technique de- 
pends almost entirely on the ability to construct an 
ionization chamber in which the relatively low count- 
ing rate due to fission of the scarce isotope is not ob- 
scured by other types of disintegration caused by 
direct reactor radiation or due to fission of uranium 
present as impurity in the materials of construction of 
the ionization chamber. Figure 3 indicates the design 
of a fission chamber which has been used in a thermal 
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Figure 3. Ionization chamber for fission counting and high neutron flux 

column neutron flux as high as 10 11 n/cm 2 /sec. The 
principal material of construction is Lucite, which is 
remarkably free of uranium contamination. Conduct- 
ing surfaces arc provided by coating the Lucite with a 
silver paint. The ionization chamber is provided with 
a means for quickly and rapidly changing the sample 
by remote handling. This is ne< essary because irradi- 
ation of the chamber and of the sample in high neutron 
flux makes them sufficiently radioactive so that direct 
handling is impossible. The ionization chamber shown, 
with a suitable amplifier, has been used to measure the 
amounts of the heavy isotopes when the amount pres- 
ent in the sample was no more than 10 ~ 10 gm. Where 
the amount of fissionable nuclidc has been known "by 
other means, a-particle counting for instance, the 
chamber has been used very effectively to determine 
fission cross sections. 

Fast Chopper 

The measurement of neutron interactions as a 
function of energy is of continuing interest. The re- 
search reactor has contributed in a powerful way to 
this subject through the use of devices for interrupting 
a neutron beam with high frequency. The fast chopper 
used with CP-5 is shown diagrammatically in Fig. 4. 
A large diameter beam hole is fitted with a collimator. 
The exit aperture consists of 7 slits, each 2 in. by 0.04 
in., and the inlet aperture consists of one slit, 9 in. 
by 2j^ in. The reactor end of the collimator looks 
directly at one of the fuel elements. At the pile 
face, the beam is interrupted by means of a cylindrical 
metal rotor which rotates about a vertical axis at 
15,000 revolutions per minute. The rotor is equipped 
with slits 0.025 in. wide. Detector stations are located 
at 25 meters and at 60 meters from the rotor. The 
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Figure 4, Diagram of fast chopper 
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Figure 5. Diagram of the irradiation tunnel beneath the reactor 

detector is a liquid scintilla tor. The use of a long flight: 
path makes it possible to make measurements in the 
1000-electron volt region. Ordinarily, the neutrons are 
counted in 100 time-of- flight channels. Counting 
simultaneously in so many channels permits the col- 
lection of data at a very rapid rate. For the 60-meter 
flight path, the resolution is 0.02 microsecond per 
meter. 

Radioisotope Production 

The routine production uf radioisotopes is done by 
inserting suitable target material in either vertical 
thimbles or into the isotope tunnels which give access 
to the neutron flux below the reactor tank. Insertion 
and removal of samples into the vertical thimbles 
which pass close to the core, and hence into the 
highest neutron flux, is done best with the reactor 
shut down. If attempted while the reactor is operating, 
there is the leakage of a very intense beam of radiation 
from the thimbles which, if it does not present a health 
hazard, gives high background for all experiments. 
Removal of samples with the reactor operating also 
is unwise because of the possible effect on the reac- 
tivity. Samples to be manipulated while the reactor is 
operating are inserted into either vertical thimbles in 
the graphite zone or into the isotope tunnels. Figure 
5 shows the arrangement which is used to place sam- 




ples under the reactor and remove them into a lead 
cask. Each sample enters a hole in the graphite and is 
manipulated by means of a gripping tong operated by 
a flexible shaft. The neutron flux in one of these holes 
is 2 X 10 12 n/cmVsec. 

Activation of Materials of Short Half-Life 

In order to give short measured irradiations and to 
quickly retrieve a sample from the reactor, the "rab- 
bit" shown in Fig. 6 is used. A vacuum is used to suck 
the irradiation capsule, which is light weight plastic, 
into position next to the core. A vacuum also is used to 
quickly suck it out of the reactor and eject it into a 
lead cask. Any activated air is delivered to th building 
exhaust system. The diameter of the rabb'lt tube is so 
sized that the effect on the reactivity of the reactor of 
any sample the tube can accommodate is not of con- 
sequence. Irradiation of very* large objects is carried 
out in the thermal columns. Such irradiations are 
never routine because of the large amount of induced 
radioactivity of the sample and the handling difficulty 
this radioactivity presents. 

Gamma-Ray Spectrometer 

The fact that the research reactor is equipped with 
beam holes which pass through the core from side to 
side of the reactor makes it possible to construct a 
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Figure 7. Gamma-ray spectrometer installation 

gamma ray spectrometer which has unique features. 
Figure 7 illustrates the installation. The source of 
gamma rays is a small plate or wire which is placed in 
the through beam hole at the point of highest neutron 
flux. Capture gamma rays from this source are led out 
of the beam hole to a large bent quartz crystal. The 
diffracted gamma rays from the crystal are detected 
by a number of sodium iodide scintilla tors. Because 
the source is isolated in a beam hole containing only 
air, capture gamma rays from materials in the neigh- 
borhood of the source are absent and thus cannot 
obscure the source gamma rays. Also, because the 
source is isolated, scattered reactor gamma rays 
should not reach the crystal. The availability of high 
neutron flux permits the use of a source of low mass, 
also diminishing the intensity of scattered gamma 
rays. It is expected that with this equipment a resolu- 
tion of 1 per cent at 1 Mev will be obtained. The 
instrument is designed to cover the range of gamma 
ray energy from 20 kev to several Mev. 
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Reactor Engineering 

Two examples of apparatus which is used for fuel 
element development are given. These examples are 
selected rather than others, such as circulating loops, 
because of their uniqueness. 

Water Autoclave 

In the development of fuel elements for use in water- 
cooled power reactors, the corrosion of the fuel ele- 
ment in the water is perhaps the most difficult 
problem. A great deal of corrosion information on 
materials of construction is obtained from laboratory 
studies using autoclaves with static water or loops 
in which the water is circulated over the test speci- 
mens. It is desirable, however, to subject fuel element 
test specimens to the complete reactor environment 
before making a definitive decision concerning the 
usefulness of any particular material. In many cases, 
the jacket must be relied upon to provide a non- 
corroding barrier between the water and the fission- 
able material. Tests on the consequences of imper- 
fections in this jacket are important and should be 
carried out under conditions simulating the actual 
reactor conditions. The autoclave shown in Fig. 8 is 
one of a number of such facilities which are used in 
CP-5 to follow the history of test specimens as a 
function of burnup of the fissionable material. A 
test specimen, whether in the form of a plate or a rod, 
has a small thickness, usually no more than one- 
eighth of an inch. This small thickness is used because 
to achieve an increased rate of burnup, enrichment 
of the samples with U 236 is used. Self-protection does 
not produce a serious distortion of the burnup rate 
in samples of this thickness unless the enrichment is 
raised above 20 per cent. The samples may be of any 
length up to approximately 16 inches. Actually, a 
number of samples are exposed together. 

These autoclaves are installed in the region of the 
reactor just outside of the fuel elements, and therefore 
are located in the region of highest neutron flux. 
Because the samples are small, the total heat genera- 
tion also is small. The burnup rate can be increased 
by higher neutron flux since the surface heat flux 
is 15 cal/cm 2 /sec, but it cannot be increased by higher 
enrichment because of the flux distribution within the 
sample. Increasing the burnup rate with higher flux 
would demand forced convection, including a fairly 
complicated circulating loop. These points indicate 
that the program of irradiation studies would benefit 
most by making the autoclave as simple as possible. 
The one shown in Fig. 8, which permits obtaining 
about 0.2 per cent burnup of the total atoms of the 
sample per 1000 hours of exposure, is an example of an 
inexpensive apparatus which requires a minimum 
of attention. The sample is supported inside a stain- 
less steel tube of outside diameter 0.75 in. having a 
wall thickness of 0.049 in. It is designed for a pressure 
of 1500 psi, but is usually operated in the neighbor- 
hood of 800 psi. This tube is filled about two-thirds 
of its length with water and the gas space above is 
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Figure 8. Pressurized water autoclave 

pressurized with helium gas. The pressure of this 
space is carefully measured and recorded and the 
reactor shutdown rods are interlocked with this pres- 
sure so that a too high or too low pressure will sound 
an alarm and shut down the reactor. The heat transfer 
rate cited above, of course, will cause local boiling 
on the surface of the sample. The pressure tube just 
mentioned is immersed in water in a second tube 
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Figure 9. High temperature irradiation apparatus 

which surrounds it. The water in the second tube is 
pressurized to only 400 psi in the same way as the 
water in the inner autoclave. The heat is removed by 
convective circulation of the water in the annulus 
between the two stainless steel tubes. The water 
in the second stainless steel tube also provides a 
convenient shield to prevent neutrons streaming 
through the hole in the reactor through which the 



whole assembly is inserted. The assembly is inserted 
in one of the standard aluminum thimbles provided 
in the reactor and is cooled by the small amount of 
air flow which is provided for each of the thimbles, 
namely, about 20 dm. These autoclaves are easily 
installed and removed from the reactor. 

High-Temperature Exposure of Fuel Samples 

In contrast to the development of fuel elements 
for water reactors, where the operating temperature 
of the fuel element is limited by the fact that it is 
cooled with water, the development of fuel specimens 
for sodium-cooled or gas-cooled reactors is not 
restricted similarly. The apparatus sketched in Fig. 9 
was evolved to permit exposure of fuel specimens to 
the highest neutron flux of the research reactor while 
permitting the temperature of the specimen to reach 
high values. Here again, the emphasis is on an appara- 
tus which is inexpensive to construct and which 
requires little attention. As was cited earlier, the use 
of enriched fuel requires that the thickness of the 
specimen be small. The specimen in this work is 
usually a rod or a plate of a thickness of approxi- 
mately one-eighth of an inch. A typical example 
would be a thin rod 14 in. long and 0.15 in. in diameter. 
In order to obtain simplicity of construction and 
operation, it is most convenient to use air as the 
coolant. The problem then is to get the heat generated 
in the sample to the air, and this obviously calls for 
the provision of an extended surface. The fuel sample 
is placed inside a finned capsule made of stainless 
steel. The space between the fuel sample and the 
inside of the finned tube is filled with carefully 
purified sodium and is welded shut. A vacant space 
is left at the top inside the finned tube for the ac- 
cumulation of any gases which may be emitted from 
the fuel sample. Eighty cubic feet per minute of air 
are drawn over the finned tube. The total heat re- 
moved from the sample is 5 kw. In a typical case, the 
thermal flux at the surface of the sample is 24 cal/cm 2 / 
sec. Under these circumstances, the burnup rate is 
approximately 0.27 per cent of the atoms of the fuel 
specimens per thousand hours of exposure. Thermo- 
couples are attached to the root of the fins. Tempera- 
tures as measured by these thermocouples and the 
total power generated lead to an estimate of the 
sample temperature. It is, for instance, relatively 
easy to adjust the conditions so that the highest 
temperature in the sample is just below the a-0 
transition temperature of uranium. 

Biological Research 

The thermal column of the reactor readily can be 
adapted to the irradiation of small animals. The maxi- 
mum size opening within the thermal column is 
16 in. by 16 in., but it is unlikely that the flux within 
the thermal column will be used directly for animal 
irradiation because of too great intensity. For experi- 
ments in which the effects of fast neutrons are to be 
studied and are to be compared with the effects of 
gamma-ray irradiation alone, the apparatus shown 
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Figure 1 0. Fast neutron exposure chamber 

in Fig. 10 has been used. Jn the construction of the 
reactor, a slot was provided in the shield extending 
from the inner side of the movable shutter on the 
thermal column to the top of the reactor shield. Into 
this slot, an apparatus has been placed which can 
lower a uranium converter plate into the full beam 
from the thermal column. When not required, the 
converter plate can be drawn up into the slot and is 
thus shielded. Thermal neutrons from the thermal 
column strike the converter plate and arc converted 
on a one-for-one basis to fast neutrons of fission 
energy. The thermal neutron ilux at the converter 
plate is 1.5 X 10 10 n/cm 2 /sec. These fast neutrons 
are used to irradiate small animals which are placed 
in plastic containers some distance beyond the con- 
verter plate. By keeping the animals some distance 
from the converter plate, a uniform irradiation field 
for the small animals is attained. Because the intensity 
of fast neutrons is quite high, an extensive shield 
must be built around the irradiation areas. The 
intensity of fast neutrons emitted from the converter 
plate can be altered by means of boron shutter which, 
by rotation, permits various amounts of the thermal 
neutrons to fall on the converter plate. With this 
apparatus, it is possible to give lethal doses of fast 
neutrons in short times of the order of one hour. 
During the time of exposure, the animals must be 
furnished with conditioned air by blowers. The gamma 
irradiation of the animals is carried out in the same 
place by means of cobalt-60 sources which can be 
varied in number in order to achieve the appropriate 
dose rate. With this apparatus, an extensive program 
of the irradiation of mice has been carried out to 
determine the additivity of gamma and fast neutron 
dosage and to study the consequences of fast neutron 
irradiation in contrast to gamma irradiation. 

The direct radiation from the reactor generally is 
not used in biological experiment. Both gamma and 
photoneutron sources for use elsewhere in biological 
experiments, however, are manufactured by irra- 
diating suitable materials in the reactor. 

Instruction 

The CP-5 reactor is being used in the instruction of 
students in the fundamentals of reactor technology. 
The teaching done with the reactor concerns the study 
of the machine itself and its use in experiments de- 



signed to illustrate techniques of measurement. 

Operating Characteristics 

Space does not permit a detailed description of all of 
the instruction exercises which can be done on an oper- 
ating reactor. The following are typical of some which 
have been found to be interesting and informative. 

Of basic importance is the flux distribution in the 
reactor. This is measured by stringing cobalt wires in 
various thimbles, making an irradiation, permitting 
time for the decay of short-lived activities and then 
the wire is scanned with a counting apparatus which 
gives the intensity point by point along the wire. With 
this technique, scanning of the neutron flux in any ac- 
cessible portion of the reactor is done quickly and with 
minimum effort. 

The calibration of a control rod is a basic procedure 
in the operation of a reactor. This is done by choosing 
a particular rod for calibration, usually the regulating 
rod, and by measuring the positive reactor period 
produced by displacing the rod a known amount from 
its critical position. Thus the reactivity value per 
unit length of the rod at tha. position is obtained. By 
varying the set position of the rod, a complete calibra- 
tion curve is obtained. Once a rod has been calibrated, 
it can be used for making other reactivity measure- 
ments such as the temperature coefficient of reactivity. 
This is done by finding the critical position for one 
temperature, heating up the reactor, and again finding 
the critical position with the calibrated rod. 

Experimental Techniques 

A very instructive measurement which should be 
familiar to all reactor technologists is the measure- 
ment of high neutron flux. This involves the irradia- 
tion of gold foils in a standard pile and in the high 
flux in the reactor. A suitable calibration of a counter 
and associated absorbers permits counting of the 
highly activated foil and leads to a direct comparison 
of a standard pile flux with the high flux of the reactor. 

An interesting exercise is the determination of the 
disadvantage factor for a lattice of natural uranium 
plates in light water. The apparatus for this experi- 
ment consists of an aluminum box which holds seven 
uranium plates in water. Copper foils are placed 
throughout the assembly, including the uranium 
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Figure 1 2. Annular scattering chamber 

plates, and the whole box is irradiated in the thermal 
neutron flux of the thermal column. The induced 
radioactivity of the foils gives the neutron flux 
throughout the lattice and permits calculation of the 
disadvantage factor. 

Basic measurements in shielding are carried out in 
an apparatus which is placed before one of the beam 
holes in the reactor. A beam of reactor radiation is 
allowed to come out of the beam hole arid strike shield- 
ing plates which are installed in a large tank of water 
which rests against the pile face. A scanning device 
with thermal neutron or fast neutron or gamma-ray 
detectors can be moved about in the tank of water to 
obtain a plot of intensity back of the test plate. Figure 
1 1 is a schematic diagram of the setup. From the data 
obtained, removal cross sections for the material of 
the test plate are calculated Also, observations are 
made of the intensity of the capture gamma rays. 

To give training in the techniques of cross-section 
measurements, the annular counter scattering appara- 
tus is used. This is illustrated in Fig. 12, which shows 
how a highly collimated beam of reactor radiation is 
scattered by a thin foil. The scattered neutrons are 
detected by an ionization chamber which surrounds 
the position of the foil. Experiments on self -protect ion 
are done and the properties of scattering resonances 
determined. Figure 13 is a photograph of the work 




Figure 13. Reactor work tpcce 

space around the reactor, showing the annular scatter- 
ing chamber and the shield test apparatus. 
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Observations on Operation, Training and Research 
Experiences with the Raleigh Research Reactor 



By Clifford Beck,* USA 



DESIRED PATTERN OF OPERATION 

It was intended from the time of the original con- 
ception of a "university research reactor" for North 
Carolina State College 1 that the project should coin- 
cide as nearly as possible with the normal pattern of 
training and research in universities. In major part 
it has been possible to achieve this objective. Two 
policies were adopted at the outset which have con- 
tributed greatly to this success: (I) that all portions of 
the reactor facility itself and all phases of the asso- 
ciated training programs in nuclear engineering would 
be so selected as to lie outside the bounds of secrecy 
and restricted information, and (2) that the Atomic 
Energy Commission and other federal government 
funds would not be sought for capital investment in 
the facility, in order that complications of govern- 
mental auditing and any possible tendency toward 
"outside" control of the program could be avoided. 

On the other hand, it is currently required by law 
that ownership of the uranium in the reactor core be 
retained by the Atomic Energy Commission as well 
as certain responsibilities for ascertaining that speci- 
fied standards of safety in reactor operation are 
maintained. To achieve this, it is necessary that 
periodic inspection visits be made and periodic re- 
ports and records be filed. These procedures are some- 
what contrary to usual university practices, though 
clearly they are necessary and desirable because of 
the unusual hazards and other factors involved. Even 
though not customary all these relationships have 
moved on a very high plane of amiability, cooperation 
and, apparently, mutual satisfaction. 

STAFF RELATIONSHIP 

The reactor was designed and the associated Nu- 
clear Engineering Training Program was organized 
within the Physics Department, where the entire pro- 
gram is administered. It should be noted, however, 
that Chemical, Mechanical or Electrical Engineering 
Departments, etc. (or even an entirely new depart- 
ment in the college) would constitute equally accep- 
table homes for a reactor project provided a core of 
qualified staff members was assembled there. 

Within the Physics Department, students may 
register either in the Nuclear Engineering Curricu- 
lum 2 - 3 or in the parallel curriculum in Engineering 

* North Carolina State College. 
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Physics. Staff members in the department primarily 
responsible for supervision of the reactor and for 
instruction in the specially developed courses ^in 
nuclear technology, also assist in meeting depart- 
mental obligations for teaching standard courses in 
physics. Thus, the four staff members experienced in 
atomic energy activities not only guide reactor 
operation and teach the core nuclear courses in the 
Nuclear Engineering Curriculum, but also join the 
other ten members of the staff in regular instructional 
duties in physics. 

Included in the departmental duties is the obligation 
to direct graduate students in Nuclear Engineering 
in thesis research investigations, most of which in- 
volve use of the reactor in one way or another. Other 
members of the staff, as well as those with reactor 
experience, participate in directing these projects. 
Thus, in this respect the reactor does function in such 
customary patterns of departmental training and 
research procedures, as would be followed, for example, 
with an infrared spectrograph or a Van de Graaff 
accelerator. 

In addition to the four senior scientific staff mem- 
bers, there are four others, at the research-associate, 
graduate-student level who play a major role in keep- 
ing the reactor in operation. 

These two groups, of about six equivalent full-time 
staff members, plus a director, would comprise an 
acceptable minimum staff for operation of the reactor 
as a separate project (not as a part of some standard 
department) if routine use of the reactor in instruc- 
tional and minor staff research programs should com- 
prise its only application. In fact however, the reactor 
has a much wider potential usefulness than this; it can 
serve as the hub of a research program of greater 
diversity and more challenging interest than could be 
provided within any one department. 

To encourage and serve these wider potential inter- 
ests (studies as divergent as genetics and polymeriza- 
tion, activation analysis and nuclear thresholds, etc.) 
the reactor staff must be more than a technical organi- 
zation functioning solely to provide neutrons and 
irradiation services to interested customers. It will 
be discovered at once that almost every "outside" 
group interested in using the reactor needs the sympa- 
thetic and cooperative assistance of a responsible 
member of the reactor staff in developing a plan of 
the anticipated investigation which uses the reactor 
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to maximum advantage. Thus, most "outside" re- 
search projects develop into a teamwork partnership 
involving a member of the reactor staff and the 
"outside" scientist. 

This is as it should be. Within a university, the 
caliber of scientists having sufficient training and 
experience to be responsible for operation of a research 
reactor would hardly be interested in routine service 
irradiations and isotope production. On the other 
hand, the reactor can be effectively used in research 
investigations in many different divisions of the uni- 
versity, though the scientists in these scattered divi- 
sions would usually not be sufficiently acquainted 
with reactors to plan to use one with maximum 
effectiveness. Clearly the solution is to effect a partner- 
ship as indicated above. 

This indicates at once one qualification of over-rid- 
ing importance for staff members of university re- 
search reactors, and one challenging aspect of univer- 
sity research reactor programs which might not have 
been anticipated. The challenging aspect: The amazing 
potentiality of the reactor for attracting scientists 
from almost every scientific discipline into mutually 
satisfactory and intellectually fruitful partnerships 
with the reactor staff. Such research partnerships, 
which break across department and school barriers, 
may have intrinsic values of far-reaching significance, 
aside from the worth of the ob jet lives directly pur- 
sued. The reactor is a potent catalyst for promoting 
such cooperative endeavors. 

The important qualification of reactor staff members 
referred to above, obviously is an alert, interested and 
cooperative attitude toward scientists from "out- 
side" groups who have potential interest in using the 
reactor. No other tool is known which has such widely 
applicable versatility. To realize its fullest potential 
the cooperative interest of the staff should match the 
versatility of the instrument. 

Extension of this idea leads to another, related, 
observation: The administrative machinery should be 
sufficiently informal and flexible to permit the reactor 
staff to negotiate working arrangements with other 
scientists with a minimum of red tape, approvals and 
bookkeeping. One might expect a priori that this 
would always be the case in a university, where the 
primary attention would be on a "scientific search for 
truth." Unfortunately, however, even in a university, 
distorted emphases and misguided objectives do arise 
which may erect artificial barriers in the pathway of 
scientific collaboration between different groups. 
These difficulties can largely be avoided by judicious 
planning and management, but the pattern for 
achieving this may vary greatly from one university 
to another. 

To some extent, therefore, it is concluded, the reac- 
tor can fit into regular university patterns for training 
and research. However, primarily because of safety 
factors which require continued contact with govern- 
mental health and safety agencies, and because of the 
large potential versatility of the reactor which implies 
an obligation to make it widely accessible to scientists 




Figure 1. The shield assembly of the Rateigh Research Reactor 

from all areas of the institution, operation of a reactor 
imposes some requirements which are not customary 
to university campuses. 

THE REACTOR AS A TRAINING TOOL 

In four distinct ways the Raleigh Research Reac- 
tor (Fig. 1^ has been used effectively in strengthening 
and enriching the experiences of students in Nuclear 
Engineering. 

1. A Reactor Laboratory course, consisting of eight- 
een or so experiments on reactor characteristics and 
usages, has been developed. Advanced students may 
register for this course as they would, for example, for 
a laboratory course on X-ray techniques. One experi- 
ment is performed each week, with the students work- 
ing in team groups of eight or ten members. The prac- 
tical experiences of reactor operation and behavior 
obtained from these exercises greatly enhances the 
student's understanding of reactor principles and 
concepts presented elsewhere in the curriculum in 
reactor theory courses. 

Typical experiments are: 4 (a) a simulated approach 
to criticality; (b) measurement of reactor periods; (c) 
control rod calibration; (d) build-up and decay of 
gamma activity in the reactor core; (e) temperature 
coefficient of the reactor; (/) power calibration by 
heat balance (see Fig. 2). 




Figure 2. Students in the reactor experiments course studying thermal 
methods of power calibration 
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2. Many of the graduate students in the department 
choose thesis research projects which deal with further 
investigation of reactor characteristics or utilization of 
the reactor as a source of radiation. Valuable incidental 
experience on reactor operation and behavior is gained 
in the course of these studies. 

Typical projects are: (a) preparation and properties 
of barytes concrete for reactor shielding; (b) tests of 
solutions of the two-group reactor equations; (<) in- 
struments for measuring liquid level in the reactor 
core; (d) fast neutron response of organic phosphors; 
(e) a test of two-group control rod theories; (/) branch- 
ing ratio of the H 10 (,) reaction; (#) time transients 
in the automatic control system of the reactor; (h) 
thermal calibration of reactor operating levels. 

3. Part-time student assistants in the department, 
in many cases, are scheduled to participate in reactor 
operation and research as part of their assigned de- 
partmental duties. The experiences involved are inci- 
dentally of value to the student as well as useful to the 
department. 

4. The physical existence of the reactor facility on 
the campus exerts an intangible but significant influ- 
ence in inspiration, motivation and stimulation of the 
imagination of students and stuff. This important 
factor in the training process is further enhanced by 
the variety and challenge of research studies in pro- 
gress around the reactor. 

Thus, the reactor is indeed a tool of essential im- 
portance in the training program of students in 
Nuclear Engineering. 

THE REACTOR AS A RESEARCH TOOL 

An enriched uranium, homogeneous fuel, water- 
boiler type reactor is probably the most completely 
satisfactory type of training and research reactor for 
producing thermal neutron fluxes up to 10 12 . In safely, 
cost of construction and operation, small size of fuel 
investment, and high adaptability and llexability in 
research it is unmatched by any other type. On the 
other hand, there are certain types of research, e.g., 
radiation damage in metals, which require iluxes 
higher than 10 12 and, for these, reactors of some other 
type must be used. 

The versatility of the 10 kw water-boiler reactor, 
and its adaptation to the research requirements of a 
university campus are shown by the variety of experi- 
ments in progress. Typical ones are listed below: 

1 . Effect of Neutron Energy on Production of 
Bromine Isomers 

When bromine-79 is irradiated with neutrons, two 
gamma emitting isomers are formed, one having a half- 
life of 18 min, one 4.4 hr. A study is in progress to 
determine whether the ratio of isomers formed is de- 
pendent on neutron energy. This is quite simply done 
by exposing samples of bromine at different positions 
along the axis of the thermal column. The // ratio 
varies from ~1 near the core to about 10 8 near the 
end of the column. Analyses of activities measured for 



samples of bromine exposed to neutrons at various 
positions are now being made. 

2. Activation Analysis 

liy measuring the characteristic radioactivity of 
materials exposed to neutrons, the reactor may be used 
as a chemical analysis instrument of unmatched sensi- 
tivity. It has been suggested that more than half of 
the elements, and in some cases to a sensitivity of 
1C)- 11 grams, can be detected and measured by activa- 
tion analysis. 6 

In a cooperative study with the staff of the Animal 
Industry Department, a method is being developed 
for using the Raleigh Research Reactor to measure the 
manganese content of blood serum by activation 
analysis. This study is typical of numerous other 
similar applications. 

3. Effect of Reactor Radiation on Textile Fibers 
and Other Organic* 

Several studies are in progress on the effects of radia- 
tion on textile fibers and other '.organic materials. The 
factors which influence these effects, and improved 
methods of detecting the effects, are also being sought. 
The reactor staff is cooperating with the Textile 
School of the College, with the National Bureau of 
Standards, with the Office of Ordnance Research and 
with various industrial groups on several such studies. 
Among other devices, changes in infrared spectra and 
changes in mechanical moduli by resonance vibration 
are being studied as means of ascertaining the effects 
caused by radiation. 

4. Porosity of Ceramic Layers 

In collaboration with the Ceramics Department, 
studies of the porosity of thin layers of ceramics to 
fission product gases are being studied. The ceramic 
layers are placed on uranium wafers and the fission 
gases are produced in situ by neutron irradiation. The 
subsequent emergence of the gases from the sandwich 
under various conditions is measured by observation 
of the associated radioactivity. 

5. Neutron Slowing-Down Lengths in Water-Metal 
Mixtures (Fig. 3) 

The distance a fission neutron travels in becoming 
thermalized in a given reactor is an important factor 
in determining the physical characteristics of the re- 
actor. In practical reactors, which are composed of 
assorted materials, it is often very difficult to estimate 
the slowing-down lengths in the combination of mate- 
rials present. The experiments described here are 
intended to establish empirical values of slowing-down 
lengths of neutrons in certain water-metal mixtures, 
for comparison with theoretical predictions of these 
values. 

A beam of thermal neutrons from the reactor is 
allowed to bombard a thin metal plate of U 28B (4 in. X 
4 in. X 0.020 in.) located at the outer surface of the 
reactor shield. The plate is situated in the center of one 
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side of a four-foot cubical tank placed against the re- 
actor shield. The fission neutrons produced in the 
U 236 plate spread radially in all directions, including 
some in the forward direction into the cubical tank. 
The tank is filled with water and chosen amounts of 
the selected metal, in the form of thin sheets (4 ft X 
4 ft X ^ in.). Neutron slowing-down lengths are 
measured in the tank contents, by means of appro- 
priately placed foils, as the ratio of metal to water in 
the tank is increased (by the addition of more metal 
plates) from zero to 1:1. 

Experiments are in progress on water-iron and 
water-aluminum mixtures. These will be extended to 
include water-zirconium mixtures as well. 

6. Neutron Diffraction 

At 10 kw power level, the thermal neutron flux at 
the core surface is about 2.5 X 10 11 . This is an ade- 
quate intensity for various studies of structural and 
magnetic properties of materials by neutron diffrac- 
tion. A diffraction spectrometer, using a copper crystal 
monochromater, is now in construction. 

7. Radiation Effects on Insects; Assorted 
Biological Experiments 

In cooperation with I:*. 1 Biological and Genetic 
Departments, a wide vuriHy of radiation effects on 
physiological and hereditary characteristics of plants 
and small animals can be carried out. To some extent, 
by judicious placing of the specimens, and utilization 
of appropriate shielding materials, the separate effects 
of gamma, slow and fast neutrons can be partially 
identified. 

Numerous other experiments have been visualized* 
which have not been attempted thus far. The inaccessi- 
bility of various types of experiments (e.g. metal 
damage, ultra-high dose rates of biological materials 
for very short times, etc.) to reactors having fluxes of 
10 12 or less does not result in a dearth of interesting 
and useful research studies within reach of such low- 
power reactors. On the contrary, there are still many 
untried experiments in almost every field of science, 
even in nuclear physics, where the useful explorations 
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Figure 3. Apparatus beside the reactor shield for study)' J slowing-down 
lengths of fission neutrons in water-metal mixtures 

with a low-powered reactor are less abundant than in 
most fields. 

Perhaps it is worthy of obseivation again, as clearly 
indicated in the list of experiments above, that abun- 
dant opportunities will emerge from reactor utilization 
for team partnerships in research which involve a 
member of the reactor staff in cooperation with a 
member of an "outside" department. If there is some 
dearth of research projects in "pure" nuclear physics 
accessible to a low-power reactor, there is undoubt- 
edly over-compensation for this deficiency in the abun- 
dance of applied physics projects available through 
joint endeavors with scientists in other areas of study. 
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The Need for Basic Research in an Atomic Energy Program 



By Thomas H. Johnson, 4 * USA 



As we strive to develop the uses of atomic energy 
for the benefit of mankind surely there is no phase of 
our endeavor where one nation can assist another more 
effectively, or where the magnitude of the tasks more 
cogently challenges the cooperation of scientists on a 
world scale than in basic research. Just as the present 
achievements of each country have been augmented 
by scientists from many nations, so research into 
nature's laws and materials, wherever it is done, will 
continue to advance the welfare of everyone. 

Much remains to be done. Within a generation the 
growth of fundamental knowledge can be expected to 
affect profoundly all phases of atomic technology and 
even to reorient our thoughts towards radically new 
methods of releasing nuclear energy. From the train* 
ing engendered by basic research activities there will 
also arise the manpower to put new ideas to practical 
use. Any nation intending to benefit from technical 
advances, whether in atomic energy or in other fields, 
might best 'prepare itself by promoting basic research 
within its own borders as a means of possessing the 
scientists who will be able to understand the signifi- 
cance of new advances, wherever they are made. 

The scope of the research tasks which are before us 
can be seen only in the imagination of each individual, 
but we all know the nature of the problems which now 
challenge investigators everywhere. We also know how 
quickly a new discovery can enlarge the visible horizon 
and shift the emphasis of the search. At the moment 
several areas can be delineated where further investiga- 
tion will clearly lead to practical benefits. It seems 
certain that uranium ores are in sufficient abundance 
to supply the world's power needs for centuries, but 
further studies in geology and geochemistry are needed 
before we can predict systematically and reliably 
where the high grade deposits are located. Develop- 
ments in chemistry and chemical engineering are 
needed to recover uranium more economically from 
low grade sources and with benefit of coproducts. 
Examples of such sources are the ores of other metals, 
uranifcrous phosphates from which fertilizers can be 
produced, combustible lignites and oil bearing shales. 
An important element of the cost of atomic power is in 
the separation of uranium from the raw material and 
in the recovery of plutonium and uranium from spent 
fuel. Significant economies can yet be expected from 
chemical and metallurgical developments related to 
these materials. 

* Director, Division of Research U. S. Atomic Energy 
Commission. 



The expansion of knowledge of neutron cross sec- 
tions and new computational methods for using such 
data will improve the design of power reactors. A 
better command of basic chemistry will help us over- 
come corrosion and lead to the choice of better mate- 
rials that can be used at higher temperatures in a 
reactor. Tn this respect we are also deficient in under* 
standing the effects of radiation on chemical rates and 
equilibria. Moreover we have insufficient knowledge 
of the effects of radiation on solid materials, or indeed 
of solid materials in the absence '.-f radiation. 

In the more basic areas where the practical conse- 
quences are more difficult to predict we still lack a 
satisfactory understanding of the force which binds 
neutrons and protons in the nucleus, and of the statis- 
tical laws which govern the nuclear ensemble. Until 
we understand the nucleus we cannot expect to 
understand fission. 

In the basic scientific fields of chemistry and metal- 
lurgy further exploration cannot fail to contribute to 
the more effective utilization of atomic energy. Many 
of the elements are still new to the chemist and of the 
70-odd metallic elements only a few have come into 
industrial use on a scale to pay for thorough metal- 
lurgical investigation. The recent developments of 
fluorocarbons and of zirconium and titanium suggest 
that still other important materials are yet to come. 
Moreover the investigations in neither chemistry nor 
metallurgy have dealt adequately for our present 
needs with high temperature properties. 

In addition, there are many unexplored uses of 
neutrons and other radiations and of radioactive mate- 
rials which will lead to increased knowledge in fields of 
biology, meteorology, geology, chemistry, and engi- 
neering, to more effective treatment of diseases, to 
better industrial processes and controls, and to many 
miscellaneous economies and improvements. 

Everyone has his own view of the future and I do 
not speak in this respect for all American scientists, 
least of all for the scientists of the world. I have 
presumed to refer to these matters because the magni- 
tude of the research effort in which we are now engaged 
in the United States of America may lend some interest 
to what we believe is in sight for the future. The same 
reasoning suggests that an exposition of the United 
States Atomic Energy Commission's actual program 
in basic research is an appropriate topic for this 
conference. 

The total expenditures for research and develop- 
ment in the United States are estimated at 4.7 billion 
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dollars annually, including operating costs and plant 
additions. About half of this amount is spent by the 
federal government. Recent studies by the National 
Science Foundation estimate 7 per cent of the federal 
expenditures for research and development are for 
basic research. If this figure also applies to privately 
supported research the total spent for basic research 
in the United States of America is about $330,000,000 
annually or slightly less than 0.1 per cent of the gross 
national product. The total for research and develop- 
ment is about 1.2 per cent of the gross national 
product. The federal government's share for research 
and development is 3J^ per cent of the federal budget 
and the government's share of the basic research is J4 
of one per cent of its total budget. The Atomic Energy 
Commission spends about a third of the government's 
total of $150 million for basic research. 

The role of the federal government and its various 
agencies in the support of research has been exten- 
sively reviewed recently. Of the 56 departments and 
agencies of the Executive Branch of the government, 
20 report funds for research and development but 
seven departments account for 98 per cent of the total. 
A recent executive order encourages each agency to 
conduct basic research in areas which are closely re- 
lated to its mission and ulrects the National Science 
Foundation to assume increasing responsibility for 
providing support for general-purpose basic research 
through grants and contracts. Funds available to the 
Science Foundation for such support now amount to 
$20 million annually. 

Despite the support now given to research by the 
federal government, a Commission which is studying 
the organization of the Federal Government has 
recently recommended that still greater federal sup- 
port be given to basic and medical research. 

In the atomic energy program it is difficult to draw 
any meaningful distinction between basic and applied 
research. The measurement of a neutron cross section 
may be needed for the design of a reactor but it is also 
interesting as a test of the cloudy crystal ball model of 
the nucleus, and a single individual may be conducting 
research with both interests in mind. We therefore find 
a lot of basic research going on in many of the develop- 
ment and production facilities of the Commission and 
there is hardly a laboratory working for or supported 
by the Commission which does not have contact with 
or responsibility for some phase of production or 
development* However, it is meaningful to point out 
that basic research is recognized in the law and in the 
organization of the Commission as an independent 
activity and funds are allocated for this purpose to the 
Divisions of Physical Research and of Biology and 
Medicine. Research supported by these Divisions 
must relate in a general way to the development or use 
of atomic energy but the specific application of the 
results need not be foreseen or recognized. These funds 
can be used for studying nuclear forces, or for develop- 
ing a chemical process of possible future use. 

About two-thirds of the funds available for physical 
research are used to support the more basic parts of 



the programs of the large laboratories. These are oper- 
ated for the exclusive use of the Commission by private 
contractors. One-third of those funds are used to sup- 
port physical research contracts in private laboratories, 
mainly in the universities. Because of differences in 
indirect costs about the same number of scientists are 
employed under university contracts as in the basic 
programs of the large laboratories. In all about 2400 
scientists are employed with funds administered by 
the Research Division. 

The largest of the national laboratories is operated 
at Oak Ridge, Tennessee, by the Carbide and Carbon 
Chemicals Company. Its program in the physical 
sciences includes the production and distrii ution of 
stable and radioisotopes, research with the various 
reactors and accelerators in neutron physics and 
nuclear structure, and all phases of chemistry and 
metallurgy. 

The laboratory has among its facilities a large air 
cooled graphite reactor, and two light water moder- 
ated reactors. It is just building its fourth reactor 
which, however, will be the first specifically designed 
for research and development. Oak Ridge also has 
two Van le Grat.ff accelerators, a high current 86-in. 
cyclotron and a 63-in. cyclotron for the acceleration 
of heavy ions. It has an electronic computer, a spectro- 
scopic laboratory, excellent facilities for hot chemistry 
experiments and radiation caves for studying solids 
exposed to radiation. In conjunction with the Oak 
Ridge Laboratory and with use of its facilities, the Oak 
Ridge Institute of Nuclear Studies, a corporation of 
southern universities, promotes research by university 
personnel in the field of atomic energy. 

The Argonne Laboratory, operated by the Uni- 
versity of Chicago and located near Chicago, studies 
problems of nuclear structure and neutron physics 
using its excellent new heavy water reactor, its 60-in. 
cyclotron and a Van de GraaflF accelerator. It has an 
electronic computer and will soon add another. 

The Argonne also has excellent facilities for radia- 
tion and radiochemistry, for spectroscopy, and for all 
phases of metallurgical investigation. This laboratory 
operates the reactor training school for foreign stu- 
dents. It is also studying the design of a high energy 
accelerator which will be of interest to physicists 
throughout the midwest region. In the formation of 
its policies and programs it is advised by a Council of 
Participating Institutions representing fourteen mid- 
west universities. 

Third largest of the Commission's laboratory pro- 
grams for basic research is at Brookhaven, on Long 
Island about sixty miles from New York City. This 
Laboratory is operated by a corporation representing 
nine northeastern universities, called Associated Uni- 
versities, Inc. Its program in the physical sciences is 
almost entirely devoted to basic research with its large 
air-cooled graphite reactor, its 3 billion volt proton 
synchrotron, its 60-in. cyclotron, its Van de Graaff 
accelerator and its numerous other facilities for 
physics, chemistry, and metallurgy. Brookhaven is also 
building a 25-billion electron volt proton synchrotron 
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of the alternating gradient variety. A large fraction of 
the Brookhaven program is manned by university 
personnel on short term leave from their home 
institutions. 

Fourth in order of basic program size is the Radia- 
tion Laboratory of the University of California, which 
is operated by the University, entirely at the Commis- 
sion's expense, but with some privately owned facili- 
ties. Its research program, like that of Brookhaven, is 
largely basic and makes use of the 6 billion electron 
volt bevatron, the 184-in. cyclotron, which will soon 
be modified to generate 700 Mev protons, a 300 Mev 
electron synchrotron, and a 30 Mev proton linac. It 
also has under construction a linear device for the 
acceleration of heavy ions. The laboratory has excel- 
lent facilities and a distinguished program in radio- 
chemistry. A considerable exchange of personnel, 
interests, and the use of facilities takes place between 
the Radiation Laboratory and the Departments of 
Chemistry, Physics and Biology of the University. 

The fifth Commission-owned laboratory is operated 
by the State College at Ames, Iowa. Its principal 
programs are in basic chemistry and metallurgy but it 
also carries on research in nuclear and solid state 
physics. Here too one finds extensive exchange of 
interests, personnel and the use of facilities with the 
departments of the college. 

The Los Alamos Laboratory in New Mexico is oper- 
ated for the Commission by the University of Cali- 
fornia. In addition to other assignments it carries on 
basic work in nuclear physics and radiochemistry. 
This laboratory has a variable energy cyclotron, three 
Van de Graaff accelerators, and two reactors. It. makes 
extensive use in its basic program of scientists on short 
term leave from universities and other laboratories of 
the Commission. 

Besides the work in the large laboratories university 
scientists participate in the program by carrying on 
research projects in their own laboratories under con- 
tract with the Atomic Energy Commission. It is 
estimated that these contracts employ the equivalent 
of 1000 full time professional scientists and 1600 
students. The actual number of scientists participating 
in these projects is much greater than this number 
since many give only a fraction of their time. 

In selecting projects for support the policy is to find 
people who want to do what the Commission wants 
done, or in many instances, to determine whether the 
Commission has sufficient interest to support what 
the institution proposes to do. Many of the problems 
in the field of atomic energy are of academic interest 
and there has been a happy marriage of interests be- 
tween the Commission and the university scientists 
under these contracts. Usually only a part of the costs 
of the work is borne by the Commission. Typically, 
the university continues to pay the full academic year 
salary of scientists of professorial rank, it supplies 
laboratories, and other facilities, and it pays part of 
the administrative costs. The Commission, on the 
other hand, supplies enough money, without desig- 
nating the purposes for which it will be used, to pay 



for supplies and equipment, stipends for graduate 
student assistants, the salaries of postdoctoral re- 
search associates, three months' salary for the profes- 
sorial staff if they spend full time on the project 
during the summer, and a part of the indirect adminis- 
trative costs. The aim is not to impose upon the 
university projects unsuited to its academic program, 
nor to relieve it of its normal burden of research sup- 
port in the particular department, but to supply extra 
funds for extra work which at the same time reinforce 
the university in carrying out its responsibility to 
train students and to expand basic knowledge. 

Under the contract program in the physical sciences 
nearly 350 projects are operating in more than 100 
universities and colleges. Some of these are supported 
jointly by the Office of Naval Research. Ninety-five of 
these projects are in nuclear and high energy physics, 
and most of these make use of some electronuclear 
device which has been supplied by the government. A 
count of the machines involved in the university 
projects shows 7 electron synchrotrons in energies 
ranging from 80 Mev to 1.5 Bev, 5 meson producing 
synchrocyclotrons, 14 cyclotrons operating below the 
meson threshold, 6 betatrons ranging from 20 to 
300 Mev, 7 electron or proton linacs ranging from 10 
to 700 Mev, and 20 Van de GraafT accelerators. In 
addition two linacs for the acceleration of heavy ions 
are under construction. 

Although accelerators are numerous, reactors for 
research at; university sites have not yet come into 
widespread use. The uncertain hazards of operating a 
reactor on a university campus and the restrictions on 
the use of fissionable material imposed by the original 
atomic energy law have been the principal restraints. 
One such reactor of the "water boiler" type has been 
in use for about a year at the North Carolina State 
University in Raleigh, North Carolina. The first uni- 
versity Swimming Pool Reactor has just received its 
fuel elements at Pennsylvania State University and 
another reactor of this type designed for higher power 
is under construction at the University of Michigan in 
Ann Arbor. Several other reactors are being designed 
and funds have been raised for their construction. 
Except for a special medical reactor at the University 
of California in Los Angeles no government funds have 
been required in this program. 

Interest in the university reactor usually centers in 
the engineering department, although physicists, 
chemists, biologists, geologists, metallurgists and 
medical personnel find uses for the neutron beams or 
the irradiation facilities. When all of the manifold 
research possibilities are considered a reactor seems 
to be a very desirable facility for a university. Its 
presence there is also usually calculated to attract to 
the staff nuclear engineers and scientists who can in- 
spire the teaching program with the result of training 
more students who will be able to take active roles in 
the atomic energy program after graduation. 

The problem of disseminating scientific information 
in a basic research program of the magnitude of ours is 
naturally difficult. In the United States the results of 
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basic research are unclassified and publication in the 
open literature is encouraged. However, there is no 
substitute for face to face discussion, and distances in 
the United States are great. For example, it is further 
from Columbia University in New York to the Uni- 
versity of California in Berkeley than from London to 
Bagdad. Nevertheless, topical conferences are fre- 
quent and the average scientist spends a fair fraction 
of his time in travel usually at the expense of the 
government. In supporting travel to foreign confer- 
ences, the rule has been about one traveler per year 
from each major division of the Commission's labora- 
tories, or when in the judgment of the Director the 
travel is likely to result in short cuts which will com- 
pensate the time and expense of the trip. Another 
device for dissemination, supported extensively by the 
government, is the compilation of data such as the 
neutron cross section book, the tables of nuclear data, 
and tables of isotopes. Compilation needs urgently to 
be done in high temperature chemistry and metallurgy 



and we are now organizing for it. The more effective 
exchange of information in these fields on an inter- 
national scale would help everyone, and point up 
where more research is needed. In projects such as 
these the scientists of the world can most effectively 
cooperate to their mutual benefit. 

In planning and administering the basic research 
program of the Commission we have taken as a guid- 
ing principle that the scope and magnitude of the 
problems we are facing exceed by far the present 
capability of our scientists and facilities to deal with 
them. Every available scientist of competence and 
every facility not otherwise engaged has been drawn 
into the program, and every means has been sought to 
make their work more effective. It is our hope that out 
of this conference relations will develop between our 
scientists and those of the other countries which will 
reinforce all of our endeavors in the basic research 
which is still needed to adapt atomic energy to the 
peaceful uses of mankind. 
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8A.1. Survey Papers on Reactor Types 

Mr. L. KOWARSKI (UNESCO) presented paper 
P/946. 

Mr. A. H. SNELL (USA) presented paper P/484. 
Part of his presentation, in which he discussed some 
material in more detail than in the paper, follows: 

There are a few basic absolute nuclear experiments 
that will bear almost indefinite repetition by various 
and successively refined techniques. The measure- 
ment of the electron-neutron interaction is an ex- 
ample; another is the determination of the neutron 
half-life and the associated beta-proton angular cor- 
relation. In view of the very substantial contribution 
to the study of the neutron decay that was produced 
yesterday by the Soviet physicists, it seems fitting that 
the recent results of Robson of the Chalk River 
Laboratories should be mentioned here, and I have his 
permission to bring them to your attention. Instead of 
measuring the explicit angular distribution of the beta 
particles and the recoiling protons, as the Soviet 
physicists arc doing, Robson chose to obtain the same 
information by an alternative method of measuring 
the shape of the beta-ray spectrum at a selected angle 
relative to the proton recoil. His experimental arrange- 
ment is shown in Slide 1. 

The neutron beam comes in from the bottom and 
proceeds upwards. Half-way up, it passes through a 
hollow electrode and an aperture in this electrode 
allows the protons to recoil to the right in a defined 
direction. The beta particles go to the left and their 
angle is defined by the cone of acceptance of this mag- 
netic lens spectrometer that is used to measure the 
shape of the beta spectrum. Coincidences are taken 
between the proton counts and the beta particle 
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counts, properly delayed to allow for the proton time 
of flight. 

Robson's results are given in Slide 2 as experimental 
points; the results are summarized here with the line of 
best fit shown solid and the dotted lines indicating 
the shape of the spectrum that would be obtained on 
various hypotheses of the fundamental beta inter- 
action. The angular interval between the beta rays 
and the protons is between 145 and 175 degrees. Cast- 
ing the results in the form of the determination of the 
coefficient, which is often called a, in the equation 
that describes the electron-neutrino angular correla- 
tion, Robson derives for the value 0.086 + 0.120, 
whence the beta interaction for the neutron decay is 
concluded to be slightly more than half tensor in 
nature and slightly less than half scalar. 

Reactors can produce substantial amounts of A 37 by 
irradiating calcium, and some of this was recently used 
in another recoil experiment. A 37 is an electron- 
capturing radionuclide with no gamma rays, so the 
only mechanism that can give nuclear recoil is neutrino 
emission. The energy carried off by the neutrino is 
known to be 816 2 kev, whence one deduces that 
in a two-body breakup the recoiling Cl 37 atom will 
have an energy of 9.66 0.05 ev. 

With A 37 produced in the reactor, one can set up an 
experiment which I will sketch briefly. There is a 
chamber containing A 37 at low pressure so that some 
recoils come out from the aperture at one end, and 
these can be put through a magnet so that the recoils 
go around and are simply put through a magnetic 
spectrometer. In fact, it is possible to measure the 
recoils under resolutions comparable to that of a good 
beta ray spectrometer. Monochromatic lines are in- 
deed found. I will show you one in a minute. First, 
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Slide 1 

however, I should like to add that before the recoils 
go through the spectrometer, one can add a voltage to 
them. The way in which the results I will show you 
were taken was to hold the deflecting field constant 
and to vary the voltage applied to the source volume. 

Slide 3 shows two determinations of the neutrino 
recoils in A 37 . The results are both cast in terms of the 
recoil energy abscissa scale. You will note that the 
zero will be far over to t v <; left. By centering the peaks 
one sees that the recoil energy in this determination is 
9.63 + 0.05 ev. Thus we see that the momentum 
conservation in neutrino emission is confirmed experi- 
mentally within a precision of about 1%. 

Reactors are the only machines in our possession 
that can give neutrino fluxes big enough to make neu- 
tron detection barely possible with advanced tech- 
niques, and it may be that reactors have an extended 
future in neutrino experimentation. Let me cite the 
Los Alamos experiment of Reines and Cowan, which 
was aimed at the detection of free neutrons. You will 
recall that they used an 11 cubic foot liquid scintillator 
near the Hanford reactor and looked for the reaction: 
proton plus a neutrino going to a neutron plus a 
positron. In a sense, it is the inverse of the beta decay 
of the neutron. Coincidences were taken between the 
annihilation pulse of the positron and the large pulse 
obtained when the neutron was captured in cadmium 

Least squares fit to experimental data 

up to May 11, 1955 
Solid curve is best fit 
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dissolved in the scintillator liquid. A suitable time 
delay was introduced to take account of the slowing- 
down time of the neutron, and appropriate pulse 
height selection was added. With this arrangement, 
the slightly positive effect 0.4 0.2 appropriate 
coincidences per minute was observed with the reactor 
on as compared with the reactor off. 

Dissatisfied with this rather marginal result, Reines 
and Cowan are revising their experiment, and they 
have sent me some slides that show their new 
arrangement. 

In Slide 4, you see the ends of five rectangular tanks. 
The three larger ones (1, 2, 3) contain the liquid 
scintillator; they measure about 2 feet deep by about 
8 feet long by about 6 feet wide. The smitller inter- 
vening tanks contain hydrogen simply in the form 
of water, I believe. What is supposed to happen is that 
a neutrino being captured in the hydrogen will give 
rise to a positron, which, in turn, is annihilated. The 
annihilation quanta go in opposite directions, and so 
one looks for coincidences- -taking advantage of this 
180 degree effect- in the scintilla tors above and be- 
low the hydrogen liquid. The tanks below are simply 
to double the sensitivity of the apparatus. This 180 
degree effect is the main change that Reines and 
Cowan are introducing in their new experiment. From 
there on, it goes like the old experiment, namely, that 
another coincidence is required between the positron 
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Slide 4 

effect and the delayed neutron capture in cadmium, 
which is also present. Note the lead doors which can 
be brought in from the sides to complete the shield 
around the assembly. 

Slide 5 shows one of the scintillator tanks by itself. 

Slide 6 shows the connections to the scintillator 
tubes on the ends of the tanks. 

Slide 7 on this subject shows the inside of one of the 
scintillator tanks. You see the white reflecting layer 
all around the bottom and sides. You are looking at 
the array of 55 five-inch photo-multiplier tubes, which 
are present on each end of the three tanks. Reines and 
Cowan will have this apparatus set up in a few months, 
and I think we may rather confidently expect from 
them good evidence of the detection of free neutrinos 
within a year. 

Mr. K. BRKTSCHER (UK) presented paper P/401. 
DISCUSSION OF P/946, P/484 AND P/401 

The CHAIRMAN: There are quite a number of ques- 
tions in connection with these three papers on experi- 
mental reactors. I should like to make it clear at the 
outset that quite a few of these questions are con- 
cerned with the relative costs of reactors. I should not 
like to see this session becoming involved in a long 
argument over the relative costs of reactors, when, 





Slide 6 

very often, two different things are being discussed; 
the cost of nuclear materials, experimental and post- 
irradiation facilities, and so forth, is included in one 
case but not in the other. I should therefore like to 
caution delegates not to get involved in trying to com- 
pare two reactors which do not include the same 
facilities. 

Mr. R. L. DOAN (USA): This is a general comment 
directed to Mr. Kowarski's paper. It is therefore of 
general interest rather than specific. Mr. Kowarski 
calls attention to the high cost of the MTR with its 
thermal flux maximum of 3.5 X 10 l4 in comparison 
with that of the Oak Ridge Research Reactor of about 
1C) 14 , and draws the conclusion that this may represent 
some sort of law of diminishing returns with respect to 
the higher flux reactors. My comment is this: that 
rather than representing the law of diminishing re- 
turns, the relatively high cost of the MTR with 
respect to the ORR represents what one learns by 
experience. There is about four years difference in the 
design and construction of these reactors. We now 
believe that we know how to build a reactor of the 
MTR (ype with approximately the same maximum 
thermal neutron flux over a much larger volume of ir- 
radiation space at a considerably lower cost than the 
original MTR cost. 

The CIIAIRMVN: I think Mr. Doan has made the 
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point about the MTR quite clear and I do not think 
we will ask Mr. Kowarski to comment further. 

Mr. B. BURAS (Poland): I should like to ask Mr. 
Kowarski what he thinks about the formula men- 
tioned in his paper, that "the radius of the exclusion 
area is equal, in miles, to the square root of the total 
reactor power in tens of megawatts." How does he fit 
this formula to the experiments on runaway referred 
to yesterday? 

Mr. KOWARSKI (UNESCO) : I have not given much 
thought to this formula. 1 only tried to reproduce it as 
accurately as I could. I hope I reproduced it correctly. 

The CHAIRMAN: I do not know whether one of the 
United States representatives who was present at 
these particular experiments would like to comment. 

Mr. W. H. ZINN (USA) : 1 could comment that the 
formula does not apply particularly to a case where 
there are no fission products built up in the reactor. 
Of course, the experiment we saw yesterday had no 
fission products built up, so it would not have made 
any sense to try and verify the formula. The general 
impression, however, that one obtains from the ex- 
periment we saw yesterday is that the formula would 
have provided adequate exclusion space. 

Mr. D. S. BiLLiNtvrnN (USA): 1 should like to 
amplify the remarks of Mr. Snell in connection with 
the possibility of doing radiations at 20K. Since this 
is a somewhat unique facility, 1 should just like to 
mention briefly of what it consists. It. is a cylindrical 
aluminum Dewar 10 cm in diameter and 6 m long 
located in a vertical hole in the Oak Ridge Graphite 
Reactor. This Dewar is an integral part of a helium 
refrigerating system composed of a recirculating com- 
pression expansion system built by the Arthur D. 
Little Company at Cambridge, Mass. The cooling 
capacity of this unit is 340 watts at 20K. It has been 
found useful to employ helium as the exchange gas for 
cooling, and it may be of interest to know that we have 
raised the pressure up to one atmosphere. Blewitt, 
Coltman, Cleland, Howe and Fielder and others were 
responsible for the design and construction of the 
Dewar. 

I should like to show one slide which shows the data 
they have obtained. 

Slide 8 illustrates that the radiation induced resist- 
ance increase of copper single crystals at this tempera- 
ture is about two to four times the rate that you would 
obtain with liquid nitrogen. The other thing is that 
the curve is linear for this relatively short exposure of 
3 X 10 17 . 

The CHAIRMAN: Mr. Zinn would like to make a few 
remarks about the proposals to increase the flux of the 
CP-5. 

Mr. ZINN (USA): I believe the Chairman had my 
question in mind when he cautioned us against intro- 
ducing questions which would cause comparisons in 
reactor costs. Actually I am interested in not having 
research reactors over-priced, and that is the basis for 
my question. I notice that Mr. Bretscher estimates 
that the cost of construction of a 10 14 flux reactor 
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Slide 8 

might be between 2 and 3 million. The CP-5 re- 
actor which is similar to the one to which he was 
referring could be operated at a flux of about 8 X 10 18 , 
and I have the cost since it is in operation. The reactor 
costs 794,000. The heavy water required 14,000 Ib 
at the United States price of $28 per Ib- -would add 
140,000. If one estimates that a reactor of that kind 
could be kept going with 10,000 grams of U 23fi and 
this material is priced at the United States price of 
$25 per gram, Ihis adds another 90,000. The total 
comes out at 1,024,000, about, one-half of Mr. 
Bretscher's estimate. I was wondering if this repre- 
sents additional facilities, or whether it represents the 
fact that in the United Kingdom it costs more to 
build a reactor. 

Mr. BRI-FSCIIER (UK): L am very happy to hear 
that your reactors are cheaper, but, disregarding the 
heavy water, ours costs 1,250,000, which includes the 
laboratory. If the fuel is not as cheap as your $25 per 
gramme, then it reaches the region which I have 
stated. Perhaps one needs to go into more detail, but 
I cannot give you a closer breakdown. We could say 
that the flux is supposed to be 10 14 or a little more in 
the centre, which is just a shade above yours, but I do 
not want to push the price difference on this. 

Mr. H. J. GOMBERG (USA): Mr. Kowarski assures 
me that his comment about cost was provocative, and 
this particular fish is rising to the bait. Some question 
was raised about the comparative cost of the reactor in 
Switzerland and the University of Michigan reactor. 
I checked with him, and he agreed that he was refer- 
ring to the $300,000 stated for the reactor installed 
here. I should like to point out as a word of caution, 
possibly to the Swiss delegation, that this cost does 
not include the erection of a building with basic 
laboratory facilities, the erection of a tank, shield, or 
beam hole facilities and the thermal column; also 
water cooling equipment will have to be added if the 
Swiss reactor is to operate at one megawatt or about 
10 18 neutron flux. I think the words of the Chairman 
are well taken. If we talk about the same things, we 
shall arrive at about the same cost, and it turns out 
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that if we were to separate out our costs for the 
facilities that are on display here in Geneva we come 
to just about the same basic figure as applies to the 
equivalent Michigan facilities. There is no bargain 
reactor, I am afraid. If you are going to have the 
reactor and the necessary facilities, it is going to cost 
something to put it up. 

The CHAIRMAN: There are a lot of other questions 
regarding costs of reactors, but I propose to leave 
them out because 1 do not think any useful purpose 
would be gained by discussing them further. I am 
therefore going to ask Mr, Dunworth to say a few 
words about zero-energy systems, without regard to 
cost. 

Mr. J. V. DUNWORTH (UK): Mr. Kowarski and I 
have just been having a word on zero-energy systems, 
and I think we are largely in agreement. We were a 
little troubled by the suggestion that zero-energy ex- 
periments are of short-term interest only for securing 
engineering data. Actually, I believe that zero-energy 
experiments may be of much wider interest, and I 
should like to draw attention, for example, to the 
work carried out by Mr. Shepherd and his team on the 
ZEPHYR. In the thermal reactor field, and looking 
at matters on a wider basis, pulsed zero-energy sys- 
tems or pulsed exponential experiments are of value. 
We have, for example, the work of von Dardel in 
Sweden. We have also the work on transient condi- 
tions carried out by /inn. Despite the fact that it did 
reach a very high power level, I think fundamentally 
it was a zero-energy system. 

The CHAIRMAN: Mr. Weinberg of the United States 
would like to say a few words about the design of 
future systems. 

Mr. A. M. WEINBERG (USA) : I should like to speak 
of the question of the future of the present generation 
of research reactors. Since research reactors arc ex- 
pensive scientific instruments, it is always important, 
it seems to me, in considering the design elements 
which go into the reactor, to have an eye to the future 
potentiality of the reactor. It seems to me, therefore, 
that one must always keep very much in mind the 
possibility of ultimately increasing the power or of 
ultimately increasing the flux, or of doing both. I 
think it is clear from the history of practically every 
research reactor that has been built that there has 
always been a strong pressure developed mostly by 
the technological people towards increasing the power 
of the reactor. The Oak Ridge Graphite Reactor, for 
example, started at 400 kw and now runs at 4000 kw. 
A similar thing applies even with some reactors which 
have not yet been built, such as the Oak Ridge Re- 
search Reactor which started on paper as a 5000-kw 
reactor but is now scheduled to be a 20,000-kw re- 
actor. The issue that is involved here, of course, is that 
of having somehow a cooling system which is adequate 
and having shielding which is adequate and, curiously 
enough, in many cases making certain that the re- 
flector system is adequately cooled. There are numer- 
ous cases in point, in which the ultimate limitation on 



the power of a research reactor was actually the cooling 
of the reflector. 

The other point I wanted to mention was the follow- 
ing: in many cases it is possible to increase the slow 
neutron flux substantially without changing the power 
simply by going from unenriched operation to en- 
riched operation. This has been done already by the 
Argonne Laboratory in CP-3. I imagine it will be of 
considerable interest to those countries which have 
embarked on unenriched reactor systems and which 
are now faced with the possibility of acquiring suffi- 
cient enriched material to power the same reactor. 

Mr. J. J. WENT (Netherlands): JMr. Bretscher has 
stressed the evident importance of hot loops of new 
types in a reactor instead of building a prototype re- 
actor. Does he agree with me that if it is possible to 
reduce considerably the dimensions of such a reactor 
it is worthwhile building a small prototype reactor 
immediately, instead of a hot loop? 

Mr. BRETSCHER (UK): The reactor is required to 
obtain a high flux for experiments, material testing 
and such things, and I do not see how a small reactor 
could do all that. Perhaps I misunderstood the ques- 
tion? A small prototype reactor would not test the 
endurance of a fuel clement. 

Mr. WENT (Netherlands): My idea was using a 
small prototype high-flux reactor, not a zero-energy 
reactor. 

The CHAIRMAN: I know of some loop experiments 
running an order of cost of a quarter of a million 
dollars, but in some cases it would be better to build a 
separate high-flux reactor running with the fuel ele- 
ment in question, rather than to carry out the test in a 
high-flux reactor that is existing. I think it depends 
upon the test that is being carried out, and the relative 
economies. 

Mr. WIRT/ (West Germany): May I address a ques- 
tion to Mr. Bretscher? Take the case that there would 
be no enriched uranium and no heavy water available 
in great amounts I know that is not the case at the 
moment and take further the case that a research re- 
actor with great flux, > 10 13 , is wanted. Would you 
prefer to build a separation plant to get enriched 
uranium or a heavy water plant to get heavy water? 
The cost of the separation plant should be considered 
of minor importance I know that is not the case, of 
course, for the moment-- - -for the answer to this ques- 
tion. The question looks more to future development. 

Mr. BRETSCHKR (UK): I would have preferred Mr. 
Dunworth to answer this question. 

Mr. DUNWORTH (UK): I think, fortunately, it 
should be possible in future to purchase either one or 
the other from some source. Obviously, in Britain im- 
mediately after the war we decided we would have to 
use natural uranium and graphite since other materials 
were in short supply. If one wished to have high flux 
one had no alternative but to have a large pile of high 
output, which in fact we built for other purposes. But 
I am afraid there is no straight answer to your ques- 
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tion, because obviously one would not wish to build 
either a diffusion plant or a heavy water plant solely 
to enable one to have a research reactor. I am sorry if 
I seem to dodge the question, but I do not really think 
either answer is a correct one. 

8A.2. General Principles and Practical 
Experience 

Mr. N. HIDLE (Norway) presented paper P/888. 
DISCUSSION OF PAPER P/888 

Mr. DOAN (USA): In reading the paper, I have 
noted that during start-up of the JEEP reactor, the 
pile period is entirely under the control of the operator. 
He brings it to where he thinks it is safe. Do you also 
have automatic shut-down instrumentation based on 
the pile period so that if the period gets too short the 
reactor shuts down automatically? 

Mr. HIDLE (Norway) : We have no instrument for 
shutting down because of short periods. The shut down 
system only reacts on the absolute level of the reactor. 

The CHAIRMAN: For a reactor of this order of power, 
T think that would be quite satisfactory. 

Mr. R. F. JACKSON (UK) presented paper P/762. 
There was no discussion. 



Mr. J. R. HUFFMAN (USA) presented paper P/485. 

DISCUSSION OF PAPER P/485 

Mr. MUMMERY (UK) : Would Mr. Huffman give the 
reactivity breakdown associated with xenon poison, 
with the fission products and the depletion effects for 
20% burn up, and the sort of excess reactivity which 
he thinks a reactor of this kind should have? 

Mr. HUFFMAN (USA): As I remember, the 20% total 
recovery in the reactor is broken down as follows: 4.9% 
for xenon and samarium poisoning; 4.7% for over- 
riding xenon in case you have an accidental shut-down; 
of the order of 5 to 7% excess reactivity for experi- 
mental work and there is of the order of 5 to 7%, I 
think, for normal fuel depletion and gross fission 
products poisoning. As to how to answer how much 
reactivity you should have in an experimental reactor, 
that, is diflkult to say. Actually, as we have increased 
the fuel content in order to get better operating cycles, 
I think we have about 20% excess k available for 
reactors for certain experiments occasionally. We have 
had no difficulty operating this reactor with of the 
order of 5 to 7% excess k. Of course, when the experi- 
ment does not need it, we do not put it in. 

Mr. H. J. GROUT (UK) : Would Mr. Huffman like to 
comment on the relative advantages and disadvan- 
tages of light and heavy water as a moderator in high 
flux research reactors using enriched uranium, par- 
ticularly where these research reactors are to be used 
for material testing and engineering loop work? 
Further to that question, would Mr. Huffman please 
say whether the beryllium reflector surrounding the 
core of the MTR reactor is absolutely essential in this 
class of reactor for it to be a success, and also give 



some actual dimensions of the maximum flux, which 
was indicated to be about 3.5 X 10 u . In other words, 
over what volume would this very high flux extend? 

Mr. HUFFMAN (USA): I do not know whether I can 
answer this question of heavy water and light water 
reactors, but it is my personal opinion that the light 
water moderated reactor gives a fast flux which you 
would not obtain with the heavy water moderated 
reactor unless you put in converters. This high fast 
flux also acts somewhat as a reservoir for the thermal 
flux which you want to use nearby. This high fast flux 
is needed to back the total flux, because there is less 
flux when you put a large loop into a hmvy water 
moderator. I am not really good enough in puysics to 
answer this question, but I feel it does give you the 
high fast flux in addition to the high thermal flux. 

With regard to the second question, regarding the 
beryllium reflector in the MTR, as is given in our 
paper we started out with a beryllium reflector. Actu- 
ally this is now of the order of 3-In. around the core 
and most of the other reflectors positions are filled up 
with aluminum in which experiments are being con- 
ducted. Ft is cheaper to use aluminum than to bore 
beryllium for a particular experiment. I would believe 
a beryllium reflector is not at all necessary for this 
type of reactor, certainly not more than three inches is 
necessary around the actual core. As regards the flux, 
I should repeat that the fluxes in this pile as I give 
them are unperturbed. As soon as you put a major 
experiment in you lose because of the poison associated 
with the experiment. A maximum of 3.5 X 10 14 occurs 
in the beryllium right close to the core or the active 
uranium; about three inches out of the uranium 
rectangle slab face you get 3.5 X 10 U flux. T doubt if 
this is over an area of more than two to three inches 
in depth and probably of the order of one foot in 
height, so 'that you do not have in this reactor large 
spaces with high flux. You must sacrifice the space to 
get the flux. 

Mr. WEINBERG (USA): I wish to raise again the 
points which Mr. Huffman has mentioned, that you 
have a sort of complementarity in the reactor. Tf you 
wish to get high fast flux you must sacrifice space and 
if you wish space you have to sacrifice high fast flux. I 
should point out another matter, though, that the 
total number of neutrons which are available for 
experiments is always (k \)/k multiplied by power. 
It is true that in the heavy water system k 1 is on 
the whole somewhat higher than it is in the light 
water system. On the other hand, as my earlier re- 
marks implied, it is at least my impression that it is 
easier to run a light water reactor at very high power 
than it is to run a heavy water reactor at very 
high power and that, therefore, in considering the 
question of the total number of neutrons available for 
experimental purposes, the light water systems seem 
perhaps to have a very small advantage. On the whole 
I would caution the audience, however, not to be 
doctrinaire in the matter. Both reactors have advan- 
tages and disadvantages and in all cases the difference 
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between having a reactor and not having a reactor is 
far more important than the difference between having 
a heavy water reactor or a light water reactor. 

Mr. J. PELSER (Netherlands): This is a question 
concerning the use of 20% enriched uranium in mate- 
rials testing reactors. Is it possible to obtain the same 
values for fast and thermal fluxes at the same power 
levels and possibly also the same built-in reactivity 
when using 20% enriched uranium, and what changes 
in construction, if it is possible, eventually would be 
made? 



Mr. HUFFMAN (USA): I would like to refer this 
question on the design of the MTR to Mr. Weinberg. 

Mr. WEINBERG (USA) : I would like to have an op- 
portunity of referring to this question at tomorrow's 
session,* at which this issue will be discussed. I might 
simply say that so far as we can see it seems entirely 
feasible to run high flux reactors with 20% enriched 
uranium, but we will touch upon this matter tomorrow 
in my paper. 



* Session 9A. 
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A Heavy-Water Research Reactor 

By A. I. Alichanov, V. V. Vladimirski, S. J. Nikitin, A. D. Galanin, 
S. A. Gawrilow, and N. A. Burgow, USSR 



1. PURPOSE 

The heavy-water reactor of the Academy of 
Sciences, USSR, was designed in 1947, installed in 
1948 and put into operation in April 1949. The main 
purpose of the reactor was to perform physics experi- 
ments with the reactor itself (critical experiments) and 
with the neutron beams from it. Beside this, it was 
intended to use the reactor for the production of 
radioactive isotopes, for biological research and for 
research in the field of radiation chemistry and 
me tallo physics. 

The theory of heavy-water reactors is significantly 
different from that of the graphite reactors: the com- 
paratively small size of the system and the high 
multiplication-factor, the comparatively small number 
of collisions necessary for slowing down the neutrons, 
the presence of secondary neutrons from the D(y,n) 
reaction and the sharp change of the medium proper- 
ties at the border between the reactor and the graph- 
ite reflector. The high cost of heavy water makes it 
necessary to determine the optimal size of a heavy- 
water reactor with a great accuracy. On the other 
hand, the use of the liquid moderator allows an easy 
change of arrangement of the uranium rods within the 
reactor. This made it possible to perform a series of 
critical experiments with uranium rods of different 
diameter and with several values of the lattice 
spacing. 

2. DESIGN OF THE REACTOR 

The heavy water is contained in a thin-walled tank 
(1) (see Figs. 1, 2) made out of aluminium sheets 
3-3.2 mm thick. The tank is 175 cm in diameter and 
195 cm high. The slightly conical bottom of the tank 
is supported by the graphite reflector. The bottom and 
cylindrical part of the reflector are 100 cm thick. The 
graphite reflector is surrounded by hermetical outer 
tank (3), which is usually evacuated. Provision has 
been made for demounting and replacing the alu- 
minium tank.* 

The uranium rods (4) are suspended from a rotating 
plate (7) above which the lead shield (5) carrying 
four slit-shutters (6) is located. The outer hermetical 
tank is closed in the upper part by a stainless steel 
cover (8) which has four slit-gaskets for replacement 
of uranium rods. By opening the slit-shutters (6) and 



Original language: Russian* 

* The tank was replaced once in 1953. 



moving the rotating plate, it is possible to bring any 
of the uranium rods under the slit and 1 3move it 
without demounting the upper shield of the reactor. 
The rotating plate has a number of additional holes, 
which permit one to make a number of rod arrange- 
ments. When a part of uranium rods is removed there 
is no necessity for closing the free holes in the rotating 
plate, as the shielding and the tightness of the ap- 
paratus is not affected. Two types of rotating plate 
were manufactured: one of them has two sets of holes, 
corresponding to square-lattice spacings equal to 115 
and 138 mm and is provided below with a 60 cm thick 
graphite reflector, the other plate has no reflector and 
the holes form a 90 mm square lattice. The uranium 
rods are 160 cm long and their lower ends are 5 cm 
above the bottom of the reactor tank. 

The heat is removed by circulating the heavy water 
(sec Fig. 3). The heavy water enters the reactor tank 
at the bottom through the pressure pipe (9) and is 
drained off in the upper part of the reactor. The 
drain pipe (10) runs along the axis of the reactor and 
goes out through the inlet pressure tube. From the 
drain pipe the heavy water passes through the 
circulating pumps (11) to the heat exchanger (12) and 
returns to the reactor. The uranium rods are cooled by 
natural convection, the circulating velocity of the 
heavy water within the reactor being low. The choice 
of such a circulating system sets the power level of the 
reactor at 500 kw. 

There are two circulating pumps each having a 
peak pumping rate 25 m'/hour. Usually one of the 
pumps is operated. The pumps are tightened by rings 
of soft plastic and by an additional rubber gasket, 
which when the pump is not operated closely tightens 
the shaft of the pump. The leakage of heavy water 
does not exceed 10 gm per day. The heat exchangers, 
where heavy water is cooled by ordinary water, are 
made of stainless steel. 

When the reactor is not in operation the heavy 
water is kept in the storage tank (13). 

Helium is kept above the heavy water and is circu- 
lated by means of gas blowers (14). The shafts of the 
gas blowers have no gaskets as the rotor of the driving 
motor is located in the helium atmosphere and is 
separated from the stator by an isolating gas-tight cap. 
The circulating helium carries away the detonating 
mixture, which is recombined by means of an ap- 
paratus (16) with palladium-catalyst, deposited on 
aluminium oxide. 
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The reactor is provided with four cadmium control 
rods, which may be used for manual or automatic 
control. A remote precision device is provided which 
permits measuring by means of selsyns the position of 
the control rods accurately within 0.1 mm (corre- 
sponding to the introduction of 0.1 mg of boron into 
the reactor). The positions are transmitted to the 
control desk. The control rods are driven by means 
of a rack and pinion. The motors (17) and the selsyns 
are placed outside the gas tight reactor tank; the 
rotation is transmitted by means of a bent shaft with 
a rubber pipe-junction packing. Beside the control- 
rods there are two emergency rods, which fall when 
the current through the electromagnet holding them 
ceases. A device for a rapid emergency draining of the 
heavy water from the reactor is provided. 

The level measurement and the automatic control 
are performed by means of ionization chambers lined 
with boron and supplied with dc amplifiers. The 
starting of the reactor at low power-levels is controlled 
by BF :J counters with integrating circuits. 



The concrete side shield of the reactor (18) has a 
thickness of 2.5 m. There is a number of channels (19) 
for irradiation and for the letting out beams. Three 
channels extend through the graphite reflector and 
reach the tank of the reactor. These channels pene- 
trate the reflector through thin-walled steel mantles 
which are welded into the wall of the outer tank. All 
channels (19) are closed by interchangeable screw 
plugs inside of which the collimators defining the 
emerging beams can be mounted. In the upper cover 
of the reactor there is an opening through which 
passes a thin-walled (2 mm) aluminium channel (21) 
with a diameter 9 cm. This channel serves to let out 
a beam for irradiation and for other experimental 
purposes. Besides this there is a number of vertical 
channels for putting instruments and irradiated 
samples into the reflector and into the shield. Tn the 
side shield there is a graphite thermal column (20) 
of 1.4 X 1.4 m cross section. 

The reactor is provided with a level gauge with an 
absolute accuracy of 2 3 mm and with a relative 
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Figure 3. The scheme of the installation 



LEGEND TO FIGURES 1, 2 AND 3 

1. Aluminium tank 

2. Graphite reflector 

3. Hermetical outer steel tank 

4. Uranium rods 

5. Lead shield cover 

6. Slit-shutters 

7. Rotating plate 

8. Stainless steel cover 

9. Pressure pipe 

10. Drain pipe 

11. Circulating pump 

1 2. Heat exchanger 

1 3. Storage tank 

14. Gas blower 

15. Condenser 

1 6. Recombination apparatus 

17. Drives of the control recombina- 
tion rods 

18. Side shield 

19. Side experimental channel 

20. Graphite thermal column 

21. Vertical experimental channel 

22. Vacuum pumps 

23. Liquid nitrogen trap 




Figure 2. Cross section showing the location of the slit-shutter* 
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accuracy of 0.2 mm. The temperature of the heavy 
water at the input and output of the reactor, the 
temperature of the reactor envelope, of the graphite 
and shield; the circulation-rate of heavy water, of the 
gas and the consumption-rate of the cooling water, the 
pressure within the reactor and within the side-reflec- 
tor are all measured. Special care was given to the 
measurement of the detonating gas mixture concen- 
tration. All the vessels and pipes for heavy water and 
helium were tested for vacuum tightness. Drying after 
servicing is performed by evacuation, heavy water is 
frozen out in liquid nitrogen traps. 

3. CRITICAL EXPERIMENTS AND THE VERIFICATION 
OF REACTOR THEORY 

The critical volume was measured with different 
arrangements of uranium rods in the reactor. Besides 
this, for three arrangements of the rods, a detailed 
investigation of the neutron density distribution along 
the radius and the axis of the reactor was performed. 
The density distribution allows the direct determina- 
tion of the Laplacian of the reactor for a given lattice. 
For the purpose of comparing the computed and ex- 
perimental data, it is convenient to use the value of 
the Laplacian, as it does not depend on the details of 
the construction and is the main parameter determin- 
ing the dimensions of the reactor. Because of this the 
results of the critical experiments were used for 
obtaining the experimental value of the Laplacian. All 
the constructive features of the reactor must be 
accounted for as corrections. The most important 
corrections are due to the nontotal reflection of the 
neutrons in the upper part of the reactor due to the 
presence of an additional amount of aluminium 
(the outlet tube and the central experimental channel) 
and leakage through the reflector in the vicinity of the 
horizontal experimental channels. In a number of cases 
the active core of the reactor did not approach the 
vessel envelope and a need arose to account for the 
effect of the heavy water layer on the reflector proper- 
ties. In the lattices with 115 and 138 mm spacing one 
central rod was absent (the location of the central 
experimental tube and of the outlet tube). In the 
90 mm lattice two central rods were absent. 

All critical experiments were performed with the 
temperature of heavy water equal to 20-23C. The 
level of the heavy water within the reactor, corre- 
sponding to its critical size in the absence of the con- 
trol rods, was determined. Experiments on the neutron 
density determination were carried out at a power 
level of the order of 100 watts. The density measure- 
ments were carried out by means of dysprosium and 
gold detectors and also by means of the reactivity 
change method. The experimental curve was approxi- 
mated by the function cos a z (z z fl ) by the least 
square method; the radial distribution was approxi- 
mated by AJ*(cts) + BNo(a r r). The presence of the 
function No is connected with the loss of neutrons in 
the centre where the outlet and the experimental 
tubes are located. The experimental value of the. 
Laplacian is determined as a 2 = a r 2 + a t 2 . The re- 



sults of some critical experiments and their treatment 
are given in Table 1. 

The calculation methods are given in reports by 
A. D. Galanin. 1 In the calculations of the Laplacian 
from the constants the following data on the materials 
in the reactor were used: mean number of the sec- 
ondary neutrons for natural uranium, disregarding 
impurities, rj = 1.33; fast fission factor, e = 1 + 
1.7 X 10~ 2 p where p = radius of the rod in cm. 

The resonance absorption was calculated using the 
expression 



In <p 



op 



a 2 - 



where a is the lattice-spacing, Su = irp 2 the uranium 
area, and SAI the aluminium area. 

The values of the constants a and in the expression 
for <p were taken from the experiments of N. A. 
Burgow. 

For the thermal cross-sections the following values, 
referred to the standard boron cross section <7 fl = 
700 barn, were used: uraniuat cross-section o- = 
7.1 barn, a s = 9.0 barn; heavy water (per molecule) 
<r = 0.001 barn; slowing down constant r = 139cm 2 



graphite, L = 50 cm, r = 370 cm 2 ; and aluminium 
<T O = 0.28 barn. 

Comparison of the Laplacian obtained by different 
methods show a satisfactory agreement between the 
experimental data and those computed from the 
measured values of rj, <f>, r and the cross-sections. 
The experimental errors and the errors of the theoreti- 
cal computations are so large that it is impossible to 
improve materially the accuracy of the values of the 
constants measured earlier. It is only possible to say 
that an increase of the resonance absorption by 10%, 
with a simultaneous increase of the multiplication 
coefficient by 0.8% would lead to some improvement 
of the agreement of the results. The multiplication 
coefficient may be increased by altering the fast 
fission factor, the effect of fission by intermediate 
neutrons, the constant 17 etc. It is impossible to make 
such an alteration, however, as with the values of the 
constants taken the discrepancy lies within the limits 
of experimental error. In any case, the comparison 
of the calculated and the measured critical volumes 
shows that the errors in the calculated values of the 
multiplication coefficient do not exceed 1% and, 
most important, it considerably increases confidence 
in the theory. 

FURTHER OPERATION OF THE REACTOR 

The considerable excess reactivity of the reactor 
made it possible to use in normal operation an unusual 
arrangement of uranium rods. In the central part of 
the reactor a cylindrical region was left free of uranium 
rods, the so-called "pit." The diameter of the pit 
was 60 to 70 cm, depending on operation conditions. 
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As the radius of the pit considerably exceeds the 
slowing down length of neutrons in heavy water, 
an almost pure thermal neutron spectrum was 
obtained in its centre. The location of the pit in the 
centre of the reactive zone provides a high neutron 
density nearly coinciding with the peak density. 
The experimental channel in the centre of the pit 
allows the introduction into the neutron field of 
samples without breaking the tightness of the reactor 
and to let out beams of thermal neutrons in the 
vertical direction. This arrangement proved rather 
convenient for a wide range of experiments. When 
needed, it was possible to alter the neutron spectrum. 
For the purpose of irradiation by fast neutrons a 
"neutron converter," a water cooled uranium cylinder, 
was introduced into the experimental channel. Within 
the cavity of the neutron transformer a powerful flux 
of fast neutrons was obtained. 

A considerable negative temperature coefficient 
makes the reactor quite safe in operation. After 
heating-up and reaching the stationary concentration 
of Xe 186 the reactor was able tn operate indefinitely 



with switched-off or fully removed control rods. The 
self-regulation of the power due to the negative tem- 
perature coefficient excludes the possibility of acci- 
dents due to failure of the controlling devices. If all 
control rods are removed from the shut down reactor, 
the power rapidly rises to 700-1000 kw, then falls 
gradually and reaches a value determined by the 
heat removal. 

The temperature coefficient of the reactor was 
determined by measuring the displacement of the 
automatic control rod during heating and cooling of 
the reactor. The effect of the control rods was cali- 
brated by standard boron samples. The temperature 
coefficient equals 14 X 10~ B degree" 1 ; it 15 determined 
by a number of effects which are difficult to distinguish 
experimentally (the change of moderator density, 
the change of cr a with energy, the change of the 
resonance capture by higher levels with change of the 
metal temperature). By measuring the poisoning of 
the reactor the value of the capture cross-section of 



Xe 135 was determined: 

15%, where w is the yield of Xe. 



2.6 X 10~ 19 cm 2 



Table 1 



Diameter of the 
uranium rods, cm 2.8 2.8 2.8 2.2 2.2 

Thickness of the 
aluminum canning, 
cm 0.1 0.1 0.1 0.1 0.1 

Spacing of the square 

lattice, cm 11.5 13.8 16.26 9 12.7 

Number of rods 120 120 86 272 107 

Critical level in the 
reactor, cm 131 120 148 118.5 174.5 

Length of the uranium 

rods cm 160 160 160 162.5 162.5 

Critical volume of 
heavy water, includ- 
ing the side and bot- 
tom layers of water, 
m' 3.09 2.78 3.52 2.764 4.175 

Volume of the active 
zone, m 3 2.02 2.64 3.28 2.52 2.86 



2.2 

0.1 

6.3 
292 

181.6 
162.5 



4.104 

A part of the 
volume'is oc- 
cupied by 9 
cm lattice 



Laplacian, measured 
by neutron density 
distribution, m- 8.1 0.5 6.8 0.3 8.0 0.5 

Laplacian, calculated 
from critical dimen- 
sions by the effective 
boundary condi- 
tions method m~* 7.9 7.6 6.5 7.9 7.0 3.0 

Laplacian ; calculated 
from the critical 
dimensions by 
numerical solution 
of the cylindrical 
problem m"" 2 

Laplacian, calculated 
from the values of 
the constants m- 2 8.3 + 0.5 7.6 0.4 6.7 0.4 8.4 0.6 7.4 0.4 4.0 0.0 

The multiplication 
coefficient, calcu- 
lated from the 
values of the 
constants 1.214 1.244 1.258 1.195 1.241 1.071 



8.0 0.1 7. 4 0.15 
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Figure 4. General view of the top of the reactor 

The continuous peak power is 600 kw, the usual 
power level, when operating for the purpose of 
irradiation of samples and neutron beam research 
equals 350-500 kw. At this power the thermal neutron 
density in the centre of the reactor reaches the value 
2 X 10 12 cm" 2 sec~ l . Tn the beams emerging from the 
reactor it equals to 10 7 cm" 2 sec~ l . When operating 
with automatic control, the power is held constant 
with an accuracy 0.3%. A number of measurements 
on the reactor were performed at a lower power. In 
particular, all measurements of the cross sections 
and of the number of secondary neutrons by the 
reactivity method were carried out with a power of 
the order 20-500 watts. The automatic control of the 
reactor at such a low power level was achieved by 
introducing an ionization chamber inside the reilector 
through the side channel. 

The thermal operating data of the reactor are given 
in Table 2. 

Table 2 

Temperature of heavy water al the inlet of the 

reactor 20-43 

Temperature of heavy water at the outlet of 

the reactor .18-65 

Heavy water circulation rate 21 m'/^our 

Cooling water consumption 4Q~W m*/ hour 

Excess pressure of the gas in the reactor 0. 1-0.45 aim 

Circulating rate of the gas 80 m a /hour 

Detonating mixture con ton I 0,05% 



The radiation level outside the side shield equals 
one tolerance dose. On the top of the reactor the radia- 
tion level when operating at full power reaches 50 
doses. The background in the reactor room is mainly 
determined by the scattered radiation, penetrating 
through the upper cover and the experimental chan- 
nels on the side. 

Several physics investigations were performed with 
the reactor. Some of them will be presented in separate 
reports to the conference. 2 " 8 

At present improvements on the reactor are 
planned. The power level and the shielding will be 



Figure 5. Arrangement for the investigation of the jft-deeay of the 
neutron 




Figure 6. Experimental arrangement for the study of scattering of neu- 
trons by ortho- and para-deuterium 

increased. Jt is proposed to raise the thermal neutron 
flux inside the reactor to 2 X 10 1S cm 2 sec '. 
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The Saclay Reactor: Two Years of Experience in the Use of a 
Compressed Gas as a Heat Transfer Agent 



By J. Yvon,* France 



I. PURPOSE 

The first studies for the Saclay reactor began in 
1949. The main lines of the program to be carried out 
were set in August of that year. We must go back to 
that period, which may well seem lost in the past to 
those who have followed the day to day development 
of our concepts and the progress of our knowledge 
regarding atomic reactors, in order fully to appreciate 
the atmosphere of doubt and uncertainty in which 
decisions were taken which were to commit, the C.E.A. 
(Commissariat a 1'Energie Atomique French Atomic 
Energy Commission) to several years of work along 
the lines then laid down. 

Reactor Zoe, with a charge of uranium oxide and a 
heavy water moderator, then was operating with 
great regularity ever since it had gone critical, on 
December 15 of the year before: this bore witness to 
the good nuclear quality of the materials in use, as 
well as to the purity of the uranium oxide, of the 
graphite used in the reflector, of the aluminum clad- 
ding and of the vessel. The power level, which had 
been brought up progressively to a few kilowatts, had 
enabled the supervisory personnel to become familiar 
with the operation of a device of that type, to control 
the reactor, to adjust the power level, to effect heavy 
water transfers, and to produce radionuclides. At the 
same time, a physical study of the reactor, 1 of the 
neutron flux and of its kinetics, brought our knowl- 
edge, which until then had been purely theoretical, 
into the realm of the concrete and practical. 

The French uranium production, which had, until 
then, been very small, did not warrant anything but 
a heavy water reactor. Fortunately, the heavy water 
requirements were met, as they had been for reactor 
Zoe, by purchasing a fraction of Norway's production. 
Nevertheless, the amount of heavy water available 
was not known with any great accuracy, and remained 
limited. It appeared reasonable to provide for a reactor 
which could go critical with only 5.8 tons of heavy 
water. 

Uranium oxide, which is not too suitable for a good 
utilization of the neutrons, had been given up. This 
meant that the C.E.A. chemists had to set up the 
production of ingots of pure uranium. The metal lur- 
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gists had to learn how to turn ingots into uranium rods 
of acceptable mechanical quality, then to clad them. 

The objective was to produce, in the new reactor, 
neutron fluxes far more intense than those delivered 
by Zoe. This intense production of neutrons is neces- 
sarily attended by the evolution of large amounts of 
heat inside the reactor. This would have to be taken 
care of in order to make an abundance of neutrons 
available to the research workers. 

In th's aspect, the C.E.A. could make a free choice. 
This choice was between several processes dependent 
on the nature of the fluid to be used for the purpose 
of removing the heat (primary fluid) and various 
types of circulation: (1) bulk circulation of heavy 
water, (2) forced circulation of heavy water along the 
rods, (3) air circulation under atmospheric pressure, 
(4) compressed gas circulation. 

The efficiency of methods 1 and 3 seemed too low. 
The second method was better than the last in 
efficiency, but a higher outlet temperature of the 
primary fluid could be expected with 4. A reactor 
operated on such a principle could indeed be an 
advance model for future reactors designed to produce 
a hot fluid: this would be the beginning of the appli- 
cation of atomic fission to the production of utilizable 
power. 

The use of compressed gas faced the engineers with 
greater problems, both from the standpoint of circu- 
lating the primary fluid and from that of making an 
accurate estimate of the neutron economy. Before any 
decision was made, they had given more time to that 
concept than to others. Thus, instinctively they 
advocated the solution of which they had made a 
more painstaking study, which, in the end they knew 
better. It was this solution that was adopted. 

The primary fluid circulates along the uranium 
slugs, inside aluminum tubes. These are submerged in 
heavy water. The circulation system is so designed 
that the hot gases do not heat the heavy water. The 
tubing is strong enough to withstand an internal pres- 
sure of 10 atmospheres at least. The aluminum vessel 
which contains the heavy water has no other load 
to resist but that due to the weight of the liquid 
itself, the surface of which remains at atmospheric 
pressure. 

Another solution would have been using thin tubing 
and placing the whole of the reactor in a gas tight and 
resistant envelope. It would have had to house the 
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reflector as well, and thus be fairly large. The arrange- 
ment actually used is more preferable: 

Every unit in the fluid-tight tubing system kept 
under pressure can be taken apart and serviced, over- 
hauled or replaced without any great difficulty; the 
means of access required by the experimenters in order 
to make use of the reactor's radiation, the installation 
of the control rods and plates, and the recombination 
system for the heavy water, present no greater diffi- 
culty than in a reactor entirely at atmospheric 
pressure. 

It should be noted that these advantages might lose 
some of their value in a reactor not so clearly experi- 
mental in design and purpose. 

The pressure resistant tubing, arranged vertically 
in the reactor, is fed from the top by manifolds which 
are somewhat critical to make. They require a certain 
minimum distance between the centers of two neigh- 
boring uranium rods. On the other hand, it was desired 
to develop a high power compatible without exces- 
sive power production by each individual rod, they 
had to be mounted very close to one another, in order 
that there would be as many of them as possible in the 
allocated space. These contradictory requirements 
were met by a compromise solution: the lattice used 
was hexagonal, with a distance of 151 mm between 
centers. The computations led to a 26 mm diameter 
for the rods. 

Allowing for the indispensable tubing, the lattice so 
obtained is far from being the optimal one for uranium 
and heavy water. 

The project was designed for a power of 1500 kw. 
Nevertheless, only 1000 kw were announced publicly. 

The reactor was quickly built and went critical on 
October 27, 1952. 

It is now understood that, in order to develop 
power with a uranium and heavy water reactor, a good 
technique is the use as a primary lluid, of heavy water 
kept in the liquid phase, despite the rise in tempera- 
ture, by suitable pressurizing. This solution is not 
very compatible with the use throughout of aluminum, 
the only structural metal available in 1949. The reac- 
tor builders of 1949 did not give much thought to such 
a technique. It is now clear that they had neither the 
knowledge, nor the means, required. 

II. DESCRIPTION 2 

Active Section 
Vessel 

The heavy water vessel is a cylinder, 2 m in diame- 
ter, 2.50 m high. The thickness of its walls is 3 mm, 
that of its flat bottom 6 mm. The net capacity after 
deduction of space taken up by the elements which 
are submerged in the water, is 7 m 8 , but the critical 
volume is substantially smaller. The vessel is made 
of 99.5% pure aluminum. 

Fuel Assemblies 

The mass of uranium used in the reactor amounts to 
3 tons. The fuel rods, which are vertically arranged, are 
136 in number, and form an hexagonal lattice, so 
centered as to have a pitch of 151 mm. 



In order to facilitate the manufacture of the vessel 
and internal reflector, feeding cold gas to the cells and 
removal of the warm gas are effected through the 
upper part. Thus, circulation is of the "hair pin" or 
"loop" type. 

A "cell" can schematically be described as follows: 
the axial part is taken up by a uranium rod surrounded 
by a shielding tube. This assembly is housed in an- 
other tube which, in turn, is directly submerged in 
the heavy water. The cold gas goes down between 
the outer tube and the shielding pipe, it then travels 
up again, along the uranium rod. During its downward 
flow, it cools off the moderator, in which 5% of the 
total power is developed, while the uranium is cooled 
off during the upward run. 
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Figure 1. Vertical and horizontal cross sections of the reactor 
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Heat transfer, between the ascending and the de- 
scending flows, is reduced by the presence of a 1 mm 
thick gas layer trapped between the two intermediate 
tubes, forming a thermal screen. This gas layer pro- 
vides very satisfactory insulation: during the down- 
ward travel, coolant fluid temperature thus does not 
go up by more than 3C. 

Each rod is made up of several slugs. They rest on 
" shelves" which, in turn, are held by the screening 
tubes. The cladding metal is magnesium. 

Each cell is fed an amount of gas proportional to 
the power developed, so that the outlet temperatures 
are the same for all the cells. This adjustment is made 
by means of valves which can be operated from 
above once the reactor is shut down and uncov- 
ered. The valve operating rods are hollow to house 
thermocouples. 

Reflector and Shielding 

t JA graphite reflector surrounds the vessel laterally 
and extends under the bottom. The existence of a 
reflector above the heavy water would have been de- 
sirable, but constructional difficulties made this 
impossible. Externally, the graphite mass is shaped 
like an octagonal prism. The minimum thickness is 
0.90 m. It is made up of 'J700 140 mm square bricks, 
and weighs 57 metric tons. Ench of these bricks has 
been machined to a tolerance of 0.05 mm. 

Protection is provided by a double cast iron and 
concrete shield. 

The thermal shield, which alone stops 90% of the 
radiation, completely lines the inside surface of the 
concrete shield. It consists of cast iron slabs 20 cm 
thick, laid side by side, with suitable clearance 
between them for expansion. The weight of the cast 
iron used in the thermal shield is 160 tons. 

The biological shield consists of a 2.25 m thick 
concrete wall made more compact by vibration treat- 
ment. The specific gravity thus achieved is about 
2.35. 

The top of the reactor is closed by a very heavy 
assembly which serves as a rest for the vessel, as 
well as for various control and safety devices. 

This assembly which, by reason of its shape, we 
shall call "the tubular block" is made up of two 
2-m square steel plates connected by a bundle of 
tubes 70 mm in diameter. The fuel rods go through 
these tubes. The thickness of the tubular block is 
one meter, its weight 17 tons, making it the heaviest 
single part in the reactor. 

The lower plate, which is made of steel, 200 mm 
thick, continues the thermal screen. 

The space available between the tubes and sheets 
is filled up with concrete containing barites (barium 
sulfate) and boron carbide. Pouring of the concrete 
(this is a fairly delicate operation, despite the appear- 
ance and large dimensions of the piece) was done 
very carefully, so that its contraction would cause 
no dimensional changes in arrangement of the tubes. 

The fairly large empty spaces which are left, 
particularly in the suspensions of the fuel, in order to 



permit carbon dioxide circulation, make the tubular 
block anything but a perfect protective shield. The 
protection which it does afford makes it possible, 
none the less, to reach the cell heads when the reactor 
is shut down. During operation production is com- 
pleted by a stack of barite containing concrete slabs, 
the total thickness of which is 1.50 m. 

Controls 

The ionization chambers in use on this reactor 
can be divided into three categories, according to 
their function: (a) power chambers, (b) leak detection 
chambers, (c) health protection chambers. 

The data supplied by each of them can b read on 
the control panel. The power chambers ure sensitive 
to slow neutrons. Each of them consists of an array 
of parallel electrodes covered with a boron layer. 
There are four power chambers, housed in channels 
through the concrete and thermal shield. These 
channels do not extend into tne graphite. Their 
position is fixed and their sensitivity is varied by 
means of sets of resistors inserted in the electrical 
circuits. Three chambers operate simultaneously. 
The fouw'i is kej t in reserve. They supply the follow- 
ing data, by direct reading: (a) power P, (b) power 
variation AP, (c) reactivity AP/P A/. 

One of them is directly connected to a light spot 
galvanometer. 

The reactivity is adjusted by means of two cad- 
mium plates which can be moved vertically between 
the vessel and the reflector. By acting in zones of 
different neutron fluxes, they afford means of varying 
the reactivity. Each plate consists of a cadmium 
sheet 0.7 mm thick, 300 mm high, sandwiched between 
two aluminum sheets. 

These plates are remotely operated from the control 
console by means of an electronic device which, by 
now, is of a conventional type. They hang from metal 
tapes which pass over pulleys and wind on the drums 
of a mechanical assembly attached to the outside 
wall of the reactor. The speed of plate displacement 
is 30 mm per second. Their position is shown at the 
control console, but the operator acts more on the 
indications from the power chambers or on the reac- 
tivity than on the position of the plates. Since several 
months, this painstaking work has been simplified 
by an automatic control device. 

The control plates are supplemented by two plates 
known as the "start-up plates" which can also be 
moved vertically between the vessel and reflector. 
These are more efficient than the others. They are 
loaded with boron carbide and their surface is double 
that of the adjusting plates. 

A certain number of interlocks have been provided 
to rule out human error. The first start-up plate, for 
instance, can be raised only if the safety rods are 
at the top of their travel and the control plates at the 
bottom. The second start-up plate can be pulled up 
only if the first already is at the top of its travel. The 
control cannot be raised until the two start-up plates 
are all the way up. 



340 



VOL II 



P/387 



FRANCE 



J. WON 



The start-up plates can be lowered at will by means 
of a control knob, but they automatically go down 
with the safety rods. The speed of descent of the 
starting plates is, in each and every case, equal to 
that at which they go up. 

The reactor is provided with two safety rods, each 
of which can shut it down. Each of the rods is con- 
trolled by an individual mechanism, but the release 
is always simultaneous. They consist of a metal tube 
closed at both ends, which contains a cadmium 
cylinder 45 mm in diameter, 1.20 m long and 0.7 mm 
thick. They hang from a metal tape, and move 
vertically in tubes which plunge in the heavy water. 
The tapes wind on assemblies located outside the 
reactor. 

They fall under the action of gravity, thus with 
linear acceleration, for the first half of their travel, 
and then under uniform deceleration for the second 
half. This is achieved by means of an oil dash-pot. 
The time of fall is 4 seconds for 2.30 m travel. This 
is relatively long, due to the inertia of the metal 
parts operated by the rods. It can be claimed, how- 
ever, that full efficiency is achieved 2.5 seconds after 
release, since speed reduction is greatest over the last 
few centimeters of rod travel. 

The rods are held in their uppermost position 
by an electromagnet which releases them when it is 
de-energized. 

A certain number of interlocks have been provided 
between the safety rods and other elements. Thus, 
for instance, the safety rods can be raised only if the 
start-up plates are at the bottom of their travel, 
and the ionization chambers and their amplifiers 
energized. The safety rods also rule out the operation 
of the heavy water pump as long as they are not 
fully pulled up. They can be dropped at will by the 
operator (push button on the control panel). How- 
ever, they can drop automatically under various 
circumstances, in case of a power failure for instance, 
where the reactor power level exceeds a certain value 
and when the controls cease to operate. 

Experimental Provisions 

The experimental provisions can be classed arbi- 
trarily into four groups of devices which are: a 
central channel going vertically through the active 
core, 9 horizontal channels which penetrate into the 
reflector as far as the vessel, a thermal column and, 
finally, an array of some 40 vertical channels on the 
outside of the reflector. 

The central channel is an aluminum tube 57 mm 
in diameter. It contains a second tube, 50 mm in 
diameter. The purpose of this arrangement is pro- 
tection against the fall of heavy objects. Normally 
this channel is closed by a steel plug. 

Heavy Water Circuit 

The heavy water circuit includes, outside the 
reactor, a tank located in the basement, the dimen- 
sions of which are adequate for it to hold the whole- 
of the heavy water in the circuit. Connection between 



the reactor and this tank is by a conduit 100 mm 
in diameter, normally closed by a valve known as the 
"safety valve," since opening it would shut down the 
pile if this ever were necessary. 

The heavy water circuit, as a whole, is made very 
tight, not only to avoid heavy water losses, but also 
in order that this critically important liquid be 
not polluted by atmospheric humidity. As a matter 
of fact, this last mentioned point is of such importance 
that the whole circuit is placed under a helium atmos- 
phere kept at a slightly positive pressure in order 
categorically to rule out any and all entry of atmos- 
pheric air. 

Attention has already been drawn to the fact 
that the vessel actually is very fragile. In view of 
this, the positive helium pressure is limited to 30 
gm/cm 2 . One may well wonder what would happen 
if one of the tubes in which the gas circulates under a 
pressure of several atmosphere were to fail. In the 
absence of any safety device, it is quite plain that, 
in such a case, the vessel would explode. In order 
to rule out this risk, two saiety valves have been 
provided, the diaphragm of which is so thin (a few 
microns thick) that it will burst in case of any acci- 
dental pressure surge. The ducts between them and 
the reactor are of such a diameter that the pressure 
in the vessel would not exceed 30 gm/cm 2 , even if a 
plunger should really break. Before heavy water is 
placed in the circuit, it is necessary to dry it thor- 
oughly, which is done by circulating the air in that 
loop over silica gel cartridges. This drying operation 
takes several days. 

The heavy water is transferred back to the reactor 
from the storage tank by a low output volumetric 
pump (1500 liters an hour). The output has been 
limited on purpose, in order to keep the increase in 
the reactivity under control. As a safety measure, 
an automatic timer has been provided in the elec- 
trical circuit of the pump in order to limit the duration 
of its operation to 30 sec, and to keep the operator 
attentive throughout the critical period of pumping 
heavy water. 

The weight of heavy water in the reactor can be 
computed from the indications of a glass tube gauge 
of more or less conventional design. It is mounted 
on the side of the reactor. Due to the deformation of 
the reactor vessel under the combined actions of pres- 
sure and temperature, the data so obtained are not 
too accurate. 

Recombination Circuit 

Heavy water, as is well known, is decomposed under 
neutron bombardment. In order to avoid an accumu- 
lation of deuterium and oxygen, the atmosphere 
above the reactive medium is constantly being 
pumped off, the gases then passing over a catalyst 
which recombines the elements. 

The catalyst is made up of a palladium layer on an 
alumina support. It is located between two flame 
arrestors in order to rule out the propagation of an 
explosion throughout the loop, should a rapid reaction 
develop inside the catalyst. 
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Alumina will hold water, even after prolonged auto- 
clave treatment. Before use, therefore, it is necessary 
to make a H 2 O/D 2 O exchange. This operation is car- 
ried out in the laboratory. 

Before it goes through the catalyst, the gas first is 
cooled off in a heat exchanger. The condensed heavy 
water vapors return to the reactor by gravity. 

The reconstituted heavy water is released by the 
catalyst as a vapor, since the reaction is an exothermal 
one. A second cooler condenses this steam, and the 
condensate goes back to the vessel by gravity. Proper 
progress of this operation is ensured by watching the 
temperature in the catalyst, and continuously check- 
ing on the oxygen and deuterium content of the gas 
on either side of it. 

The gas output (40 cubic meters per hour) is so 
adjusted that the deuterium content, cannot exceed 
1.5%. Should it accidentally exceed 3%, an alarm will 
be released. In view of the fact that the explosive 
threshold is around 8%, the safety margin seems to be 
adequate. 

Compressed Gas Circuit 

We have already said that the uranium rods arc- 
cooled by compressed gas circulation. This necessarily 
implies the evolution of eas in a closed circuit. Let it 
be remembered that the i^as is distributed between the 
cells according to their power; in order to clarify mat- 
ters, let it be pointed out that the peripheral cells only 
develop 55% of the power generated in the central 
one. The throttling of these cells thus doubtless is of 
interest, since blower power, which is already very 
large, varies as the third power of the output. 

As it comes out of the reactor, the hot gas goes 
through a first exchanger cooled by water circulation. 
It then comes to three blowers, two of which operate 
together (the third is kept as a standby). It then goes 
to a second exchanger. After going through an output 
meter, the gas returns to the reactor. Its average pres- 
sure in the reactor is 8 atm absolute, and its circulation 
rate 70 t/hr. 

In the Fall, for a power level of 2000 kw, the tem- 
peratures are approximately as follows: 30C at the 
reactor intake, 130C at the outlet. While the second 
figure is too low for energy recovery and electricity 
production, it is sufficient to heat the building. This 
point became manifest at once and a summary study 
showed that the cost of the additional facilities needed 
to make use of this heat could be amortized in less 
than a season, by the fuel economy it would bring 
about. 

Accordingly, the functions of the three heat ex- 
changers are as follows: 

Exchanger I is used to heat the building during the 
winter time; 

Exchanger II has the dimensions required to absorb 
the whole of the power developed in the reactor; 

Exchanger III is designed to recover the power of 
the blowers since, in fact, all the electrical energy sup- 
plied to the engines is stored up in the gas in the form 
of heat, but for a few losses. 



In case of need, the gas may be stored in a 7 cubic 
meter sphere, under a pressure of 30 atmospheres. A 
two stage diaphragm compressor makes it possible to 
transfer the gas from the loop to the sphere or vice- 
versa. Before gas is transferred back to the loop, the 
latter must be freed of all air. A vacuum pump has 
been provided for the purpose. The residual pressure 
being of the order of one cm Hg, there remains a little 
air, with the argon which it contains, showing its 
presence by the activity of the channels and machines. 
This activity raises no serious problem at all. 

The blowers are of the centrifugal type and rotate 
at 9600 rpm. Each of them requires close to 400 kw. 
Since the two machines always operate in j arallel, it 
can be seen that cooling the reactor requires a power 
of some 800 kw, which is not by any means negligible 
when compared with the amount of power developed 
in the uranium. 

The blowers are of a duel originality: while their 
features are similar to those of the last rotor in a 
multistage centrifugal compressor, the use of one 
single rotor having such features had never been con- 
sidered until now and, in addition, the drastic fluid 
tightness requirements raised the issue of the shaft 
gland, Which is particularly difficult due to the rela- 
tively high speed of rotation. 

We know that, while the drop of the safety rods, for 
all practical purposes, stops the nuclear reaction 
instantaneously, the existence of delayed neutrons 
still prolongs it for a few moments at a reduced rate. 
In addition, the fission products accumulated in the 
uranium bring about a release of heat which con- 
tinues for a relatively long time. 

These two phenomena added to each other release so 
much heat that five minutes after the safety rods have 
been dropped the power level still is a few hundredths 
of its rated value. 

In view of this, it is indispensable, in the event of a 
power failure, that cooling off be kept, up for a rela- 
tively long time, lest the uranium be overheated. To 
this end, a heavy flywheel is keyed on the drive shaft 
of the engines which operate the blowers. Its inertia 
is such that, five minutes after a current cut-off, 
the gas flow still is at 10% of its nominal rated 
value. 

This is time enough to start automatically a standby 
power plant. 

The exchangers consist of bundles of loop-shaped 
tubes. The gas circulates inside the tubes, the water 
outside and at right angles to their axes. 

All these assemblies are linked by ducts made of 
carbon steel, 300 mm in diameter. This makes up a 
fairly extensive circuit, and the couplings although 
their number has been reduced to a minimum -are 
relatively numerous (several hundreds). 

In view of the danger of activation of the gas, it was 
necessary to minimize the leaks to the utmost. Our 
objective was not to exceed an hourly loss of 0.001 of 
the gas contained in the circuit. Thanks to the ex- 
treme care in making and assembling of the parts, this 
aim was met and even exceeded a little. 
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The significance of these figures will be the better 
understood once it is realized that a leak of 1% of the 
output is commonly allowed for steam circuits in 
thermal plants, even of the most modern types. 

Water Circuit 

The cold water is supplied by a drip type free air 
cooler housed in a 30 m high tower which acts as a 
stack. 

The cold water is collected in a vessel which pre- 
sents a suitable pressure head with respect to the 
installation, permitting gravity flow through the 
exchangers. These are thus fed for a while after any 
power failure. The water temperature drops 8C in 
the open air cooler, summer and winter, but its abso- 
lute value obviously varies according to the season. 
The reactor power, as a consequence, thus depends on 
the atmospheric conditions. 

Afr Circuit 

The purpose of the air circuit is to cool off the 
graphite and the cast iron thermal shield. The air is 
pumped in through filters and flows between the 
graphite and an aluminum liner, then goes down be- 
tween the aluminum liner and the thermal shield. It is 
then aspirated by fans, which makes it possible to 
maintain a certain negative pressure inside the reac- 
tor, and thus to rule out any escape of active gases to 
the room. This air is removed by a 30 m stack. The 
cool air which comes in at the base of the reactor 
might freeze the heavy water in the piping, were it 
not that provision has been made for recirculating hot 
air when the outside temperature falls below +5C. 

The power developed in the graphite is about 16 kw, 
while 4 kw are developed in the cast iron. Thus, the 
cooling of these assemblies poses no critical problem. 

There are three fans, but only two of them operate 
together. Jointly, they deliver 10,000 cubic meters of 
air. 

An ionization chamber is at the base of the stack, in 
order permanently to monitor the activity of the air 
which conies out of it. 

Some Details 

By way of conclusion, let us mention some of the 
difficulties which were overcome in building this reac- 
tor. The main one, without a doubt, was the require- 
ment that perfect tightness be achieved at all points, 
which is particularly exacting on so extensive a circuit 
as this one. The tightness of the blower shaft glands 
raised a difficult problem. Finally, in order to achieve 
maximal internal cleanliness of the heavy water or 
carbon dioxide, piping required mounting precautions 
which were truly unusual for an assembly of such a 
size. These same precautions of cleanliness also had to 
be taken in the machining and piling up of the graph- 
ite, which led us to install it last, after the reactor 
block was completed. 

It should be mentioned, for this is an important 
point which applies to all reactors, that an effort was 
made at the cost of what were at times serious com-* 



plications, to make most parts subject to disassembly, 
so that repairs could be carried out when and as 
needed. This point, which has also been stressed by 
the Canadian engineers, after the accident with the 
NR reactor, must constantly be borne in mind by 
reactor builders, and it will have to be carried still 
further in projects to come. 

III. RELATION BETWEEN THE NEUTRON FLUX AND 
THE THERMAL POWER LEVEL 

Problem 

The power level of the Saclay reactor can be deter- 
mined by measuring the flow and temperature rise of 
the compressed gas. 

Another way of computing it is from the neutron 
flux throughout the reactor, and the cross sections and 
energy released in the fission process. 

It struck us as being worth-while to find out whether 
the two methods of evaluation are in agreement. There 
are many intermediate stages in such a study. It pro- 
vides us with an opportunity of reviewing a whole 
series of phenomena. 

Flux at the Center of the Pile 

Most flux measurements give relative values. The 
thermal flux at the center of the core will serve as a 
standard, to which the other determinations will be 
referred. 

The reactor lattice is a regular hexagonal centered 
one. One of the nodes in the lattice coincides with the 
axis of the reactor. The relevant plunger, with a diame- 
ter of 57 mm contains no uranium. It communicates 
with the atmosphere and is accessible to detectors or 
small ionization chambers. 

This is where the thermal neutron flux is at its 
maximum, serving as a reference for all the determina- 
tions we make. To this end, a thin detector of known 
weight, made up of copper or manganese, is irradiated 
to saturation. The beta activity of this detector then 
is measured by means of a "4?r" counter. 8 Measure- 
ments of the cadmium ratio give an evaluation of the 
effect of fast neutrons, i.e., of those having an energy 
greater than 0.6 ev. 

The cadmium ratio, as measured with care for an 
indium detector, has been found to be 3.65. 

Ultimately, the following integral is obtained: 



(1) 



It will be assumed that, for the energy range under 
consideration, the detector . behaves according to a 
l/v law. If v be the average velocity, the above expres- 
sion will become: 



dE (2) 



dE 



the thermal neutron flux. The evaluation of this flux 



It is customary to call: 
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requires a knowledge of the cross section of the detec- 
tor, as well as of the average velocity. 

As to the average velocity, it is usually assumed 
that: 

1. The velocity distribution follows Maxwell's 
law. Although this is not accurately true between 0.1 
and 0.6 ev, this does not entail any appreciable error. 

2. The temperature which defines the distribution 
is that of the moderator. 4 

It is obviously impossible to measure the central 
flux every time a relative measurement is taken. 
Fortunately, it proved possible to take advantage of 
the proportional relationship between the readings of 
a boron fluoride counter and the central flux. 

The slowing down flux of neutrons can be deduced 
approximately from the cadmium effect of indium. 
Assuming that the energy distribution law is of the 
dE/E form, and that it extends to 2 Mev, the following 
value is found, which applies, at least, to the middle 
region of the central channel: 

flux of neutrons undergoing moderation ^ , 
thermal flux ~ 

The flux of neutrons having an energy greater than 
1.1 Mev, was measured. For convenience, we shall 
call it the fission neutror flux. To do this, a small 
chamber was made, using low capture elements. It was 
lined with very pure thorium, containing less than 
5 X lO^ 6 parts of uranium. It was arbitrarily assumed 
that the spectral distribution was the same as that of a 
fission spectrum. The fission cross section of thorium 
was weighted for this spectrum and estimated at 
0.078 barn. Finally, the following estimate was arrived 



at: & 



fission flux at center 



thermal flux at center 



3 X 1C- 2 



3. Neutron distribution: The value of the neutron 
flux at the center of the reactor is obtained by an 
absolute measurement. It should be completed by a 
knowledge of the fluxes in the whole of the reactor as 
given by relative measurements. Starting from the 
premise that the reactor is truly symmetrical, the 
distribution along all but one of the seven rods in the 
meridian half -plane was measured. 

In a first series of measurements, continuous deter- 
minations were made of the activity in copper strips 6 
which had been stuck along the uranium rods. In 
another series, the uranium in the rods itself served 
as a detector. These last mentioned measurements, 
which rest on a very simple principle, unfortunately 
had to be discontinued: 

The over-all distribution is represented by: 



(3) 



The plane of maximum vertical density is at level 
73 1 cm, being defined by the lower ends of the 
rods. The sine law applies up to the heavy water level. 
From above that level on, the density is approximately 



constant. A coarse estimate may be made for an 
extrapolation length of 3 or 4 cm. 
The radial distribution is given by: 



J(j~ 



132 2 cm 



(4) 



for the first four rods from the axis. Thereafter, the 
flux decreases less rapidly than would appear from the 
above law, and it reaches a maximum in the graphite 
at 10 cm from the vessel. 

Equation 4, when extrapolated to r = does not 
give the flux in the central plunger, because the latter 
does not contain any uranium. 

Thus, the knowledge of two ratios is reqi ired for 
our work: 

maximum flux in the central plunger _ 
maximum flux, as extrapolated from the 
distribution at the surface of the rods 
theaverageofflux(3) 
maximum of flux (3 

In addition, the average flux in uranium is smaller 
than the flu?: at the surface of the cartridges. The 
ratio between these fluxes has been measured, not at 
the Saclay reactor, but rather by placing, in the axial 
channel of the Zoe reactor, some uranium slugs of 
various diameters. This may cause a certain error, 
since the thickness of the air layer is 14.5 mm in the 
Saclay reactor, rather than 19.5 mm in the Zoe reac- 
tor. In addition, the uranium rod lattice is not the 
same in both reactors. Be that as it may, the result 
obtained is as follows: 7 



ilux at the surface of the uranium 
average flux in the uranium 



- 1.23 .03 



The measurements are carried out with a gold foil 
detector. The neutrons having energies under 0.6 ev 
were eliminated. 

Let it be noted, for the sake of completeness, 
that, in the gas layer which surrounds the cartridges, 
the flux decreases as one goes from the heavy water 
to the uranium. A detector was attached to a slug, 
while another one was stuck onto the outside tube 
of the concentric thermal screen. This gave the follow- 
ing ratio: 

V(if - IM - 02 

The complete set of measurements gives the follow- 
ing result: 

maximal thermal flux _ 

average thermal flux in the uranium 

4. Reactor power, as computed from the flux: 
The fission energy, 8 without allowance for the neu- 
trons, was taken to be 185 Mev 5. 

To this one must add the energy developed by 
neutron capture, namely some 7 Mev. 

The foregoing paragraphs enable us to compute the 
number of fissions due to thermal neutrons. They 
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take place in U 285 . To these, we must add the fissions 
brought about, in the same nuclide, by epicadmium 
neutrons. A fission chamber which contained natural 
uranium and depleted uranium, and which had been 
made for other work, by operating on neutrons from 
the reactor, showed this ratio to be 3-,-jo. One should 
also allow for the fissions brought about by the 
fission neutrons in U 8 **. Here, the measurements 
carried out on fission neutrons in the central channel 
of the reactor or near the well of the vessel are not. 
usable because the fission flux drops too rapidly 
from the uranium to the moderator. It was preferred 
to deduct the percentage of these fissions from the 
fast multiplication factor c, which from the literature 
is 1.03. The percentage of these fissions then would be: 

-": ( - 1) - S% 

v \ 

Thus, the total amount of heat generated by 
thermal fission is equivalent to 204 Mev. 

The conclusion of all these estimates and the com- 
putations is: 

A power of I kw corresponds to a thermal flux, at 
the center, of 4.2 X 10 9 cm~' 2 sec~ ! , within 15%. 

5. Measurement of the heat production is much 
simpler. The fluid is carbon dioxide under a pressure 
of 6 atmospheres. A flowmeter which operates on a 
venturi provided with water pressure gauges, gives 
the mass flow. The temperature rise of the gas in the 
reactor, some 10()C, is measured without any diffi- 
culty. The gas can be treated as a perfect gas. Its 
specific heat is known. 

To the measured value, the heat removed by the 
secondary circuit, some 2%, should be added. 

However, these measurements are not carried 
out in a power range suitable for llux measurements. 
This power is in the neighborhood of 1000 kw when 
these heat power measurements are made. The heavy 
water level is higher than when the fluxes are meas- 
ured, and the ionization chamber no longer is in the 
horizontal plane where the flux is maximum, as is 
the case under low power, which tends to give a 
too low flux valve. On the other hand, the llux gradient 
between the active zone and its periphery is reduced, 
a phenomenon whose effect is the opposite of the 
former one. These sources of errors have not yet 
been properly evaluated. They have not been taken 
into account. 

The final result is that the power as estimated 
from the fluxes is greater by 11% than the measured 
heat power. This is no striking disagreement. It is 
felt, however, that it would be well to investigate 
the relevant phenomena more closely. 

IV. STUDY OF THE REACTIVITY 
Components of the Reactivity 

A reactor comprises, on the one hand, some ele- 
ments which can not be modified, such as: the nature 
of the moderator, the reflector, and the maximum 
number of uranium rods; and, on the other hand, 



variable elements such as the level of the moderator, 
if heavy water is used, the position of the adjusting 
or trim plates, the temperature, the condition of the 
fuel, etc. The reactivity components to be reviewed 
here are these essentially variable ones. The varia- 
tions of reactivity with which they are associated 
are, on the whole, of the order of 1%. Reactor opera- 
lion requires profound knowledge of these variations. 

Most of the components of the reactivity can be 
studied by means of relative measurements, either 
at a non-critical level by measuring the neutron flux 
developed in the reactor by spontaneous sources, 
or by following the growth of power slightly above 
the critical level. 

Absolute measurements can be made according 
to Nordheim's formula. 9 The use of Nordheim's 
formula assumes a proper knowledge of the per- 
centages of delayed neutrons produced in the reac- 
tor, as well as of the relevant periods. In the case of a 
heavy water reactor, not only the fission neutrons, 
but also those produced in the heavy water by the 
photons must be taken into consideration. 

Raievski 10 developed a method which is less exact- 
ing, since all it requires is an accurate knowledge 
of the total percentage (0) of delayed neutrons. 

The reactivity variation is modulated with a fre- 
quency which ranges from 0.15 to 10 c/sec. This 
brings about a flux modulation, the amplitude of which 
is connected with that of the reactivity by a formula 
given here in an approximate form : 



The amplitude of the flux variations is measured 
as a function of the frequency w. This gives, respec- 
tively, r, the average life time of the delayed neutrons, 
and 8k, the amplitude of the reactivity variation. 

The average life time of the neutrons in the Saclay 
reactor has thus been found to be 1.00 0.2 msec. 

The technique just outlined has the advantage of 
being applicable when the power level is high. 

This makes it possible to determine the effect of 
the control plates on the reactivity, first for small 
displacements and then by integrating for any 
displacement. 

Some Results 

The following data are of some interest as to their 
order or magnitude. 11 The heavy water, in the glass 
level gauge, stood at division 1794 mm. 



Increase of 1 mm in the level of the heavy water 

Lowering of one control plate 

Lowering of two control plates 

Lowering of one safety rod 

Lowering of two safety rods 

Nitrogen-filled compressed gas circuit, pressure rise of 

5 atmospheres 580 

1 increase in the uranium temperature (uniform, at 

low power) . 1 . 25 



fe x 10' 
6.6 
~ 240 
- 480 
-1860 
-3150 
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The substantial depression in reactivity due to 
the compressed nitrogen, which was expected, soon 
led to the use in its place of carbon dioxide. This had 
two advantages: (1) heavy water saving, and (2) the 
avoiding of a rapid power surge following a severe 
nitrogen leak. 

The heating of the heavy water also gives rise to a 
loss of reactivity: 

10 5 S = -12.64(r - 17) - 0.227(7' - 17) 2 

A rise from 17 to 40 of the temperature of the 
heavy water entails a loss of reactivity of approxi- 
mately 0.004. 

The loss of reactivity due to poisoning by fission 
products led to the following results: 

The reactor, after a week's rest, started at a power 
of 800 kw, showed, after a few hours, a loss of reac- 
tivity of 0.0045. This was due to xenon poisoning, A 
computation made with the known constants, allowing 
for the fact tljat the xenon percentage is higher at the 
center of the reactor, gives a higher figure: 0.0055. 

The long term reactivity loss was checked after 
a period of 3.6 X 10 6 kw of operation, i.e., 41 Mw- 
day per ton of uranium. A loss of reactivity of 0.012 
was observed. Computation of long term poisoning 
mostly involves the samarium. The computed loss 
does not exceed 0.006. The disagreement in the 
results gives reason to believe that there has been a 
case of accidental poisoning. 

We can not readily analyze these results in greater 
detail. We trust the Geneva conference will supply 
us with more accurate data regarding poisoning 
phenomena by fission products and thus will enable 
us better to interpret our findings. 



The primary fluids which have particularly received 
attention up until now have been water, molten 
sodium or uranium-bearing solutions for the homo- 
geneous reactors, or again, compressed gases. Each 
has its advantages and drawbacks, depending on the 
moderator, the nature of the fuel, and the risks one is 
prepared to incur: all this decides which one is to be 
preferred. 

We do not have in France such an experience with, 
or even knowledge of, these methods, as would enable 
us to make forecasts regarding the future of each of 
them. Let us express the opinion that each appears 




Figure 2cu Cooling circuit schematic. Air: 1 . filter; 2. by pan; 3. fans. 

Nitrogen: 11. heat exchanger for heating building; 12. main heat 

exchanger; 13. blowers 14. auxiliary heat exchanger; 15. venturi. 

Watert 21. pool; 22. pumps; 23. cooling tower 



V. HEAT TRANSFER 
The Various Techniques in Use 

The heat generated in a reactor is extracted by cir- 
culating a fluid which, either through a rise in its 
temperature or a change of state, removes this energy 
as it is being generated. 

The heat appears mostly in the uranium, but also 
in the moderator, the reflector and the protective 
shield. 

Resort may be had to various fluids in order to 
remove the heat released in the various components. 
However, the main problem is the uranium: the fluid 
which removes the heat released in the uranium is 
called the primary fluid. 

If the primary fluid leaves the reactor at a suffi- 
ciently high temperature, the energy stored in it may 
be used to drive a thermal engine, whether it be 
directly or through a heat exchanger, in which latter 
case the energy first is transferred from the primary 
fluid to another one which is more easily handled: this 
new fluid is the "industrial" fluid. 

In all solutions which offer an acceptable efficiency, 
the primary fluid circulates in a closed circuit. Its flow 
is effected by pumps. 




Figure 2b. Details of a reactor cell 
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perfectly sound, and that the triumphs of one or the 
other will require several generations of reactors (one 
generation is the time from design to routine operation, 
i.e., about 5 years). 

As we review the history of the automotive industry 
we find that many concepts which had been imagined 
by its pioneers, only to be dropped because of practical 
difficulties, came back into favor later, as soon as the 
condition of industrial development provided means 
of implementing them. 

Comparisons between the development of the auto- 
motive industry and that of atomic energy may not 
seem in order because the former developed in small 
shops while the latter was immediately taken over by 
powerful state organizations. However, if we were to 
imagine that the means available to us tomorrow have 
to remember those of today, we would be underesti- 
mating the industrial development of the coming half 
century. 

The drawbacks of the compressed gases are obvious: 
poor thermal capacity, poor thermal conductivity, 
high viscosity. Some advantages are no less obvious, 
such as their ease of handling and low corrosion effects. 

Choice of the Gas 

The following ten tasks are required of the primary 
gas: 

1. Chemical stability at the operating temperature. 

2. Adequate heat capacity. 

3. Adequate thermal conductivity, low viscosity. 

4. Availability. 

5. Chemical inactivity with respect to the conduits 
and cladding. 

6. Same lack of activity with respect to the ura- 
nium, should a cladding be broken. 

7. The molecules are dissociated by the radiation 
produced by a reactor in operation. The free radicals 
thus formed may produce, by recombination, unex- 
pected and undesirable products. At first sight, it 
would seem that these drawbacks will not be smallest 
if the molecules are very simple. 

8. The free radicals must not contribute too much 
to corrosion. 

9. Low neutron absorption. 

10. The activity created by this absorption must be 
short lived and weak. 

Obviously, there is no gas which is best from every 
possible standpoint. Our first projects had caused us to 
consider helium and nitrogen. Helium was rejected 
for reasons of availability. Nitrogen was to contain 
but a very small quantity of argon, which is trouble- 
some by reason of its intense activity. A nitrogen of 
satisfactory quality was used for some time. It seemed 
to offer no drawbacks. 

By reason of its capture cross section, nitrogen 
finally was given up and carbon dioxide used in its 
place. The main problem was whether carbon dioxide 
(CO 2 ) would be stable, t Following the release of some 

t Everybody, nowadays, knows the very important part 
played by the compressed gases, particularly carbon dioxide, in 
British designs. 



5 X 10 6 kwh, no untoward chemical phenomenon 
developed. It should be pointed out, however, that 
our physicists and chemists, who were taken up by 
other tasks, have not as yet given all the attention 
they should to these problems. 

The substitution of one gas for another, in a com- 
pressed gas piping network, presents no great diffi- 
culty. Thus, it might seem easy to carry out tests 
with a variety of gases. However, the blowers used to 
move the gas cease to be suitable once the physical 
properties of that gas are changed. This is why helium, 
which might have been fed into the device for a short 
period of operation, has not been tried until now. 

Nuclear Requirements 

The primary fluid is made to circulate through the 
reactor around the uranium slugs through plungers 
(tubes closed at their lower extremity) made of 
"Brillalumag" alloy. In order to reduce neutron 
losses in the metal of the plungers and of the double 
walled shield which is used with them as an accessory 
(see description of the reactor), it became necessary to 
limit the thickness and diameter of these parts. 

In the gas, the neutrons move practically without 
any collisions. Some of them cover long straight paths 
through the gas. Thus, they have a regrettable tend- 
ency to migrate from the regions where the flux is 
intense, where they are very useful, to those where the 
flux is moderate, where they are less useful. 

These rapid changes invalidate the equations which 
give the diffusion of the neutrons in the multiplying 
media. This must bring about at least an increase and 
anisotropy in the migration length: it has proven 
impossible, to date, to assign a numerical value to this 
anisotropy. 

A phenomenon which is better known, both the- 
oretically and experimentally, is the reduction of the 
thermal neutron flux when moving from the surface 
of the moderator to that of the uranium. This tends 
to bring down the thermal utilization factor. 

It will be understood, therefore, that these phe- 
nomena were carefully taken into account in the de- 
sign of the reactor, and that an id of only 57 mm 
was used for the plungers. 

The gas channels are all the narrower as, in the 
plungers, the gas goes through each cross section 
twice, first on the way down, when it cools off the 
heavy water, then on the way up, when it cools off 
the uranium. 

The descending channel has a width of 6.5 mm, the 
ascending one 4.4 mm. 

Thermal Requirements 

In designing the reactor, a certain number of re- 
quirements relative to the temperatures had to be 
considered. When the primary fluid operates a steam 
engine through a boiler, it is necessary to use the high 
temperature calories for the purpose of vaporizing the 
industrial water at a suitable temperature. Calories of 
a poorer grade are used to warm up the water, taken 
off from the condenser, to the boiler temperature. 
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There would be an excess of calories of medium 
quality if the primary fluid entered the reactor at 
ambient temperature. This leads to feeding the pri- 
mary fluid to the reactor at a temperature not greatly 
different from that at the outlet. 

The Saclay reactor is but a preliminary study, in 
preparation of actual power-producing installations. 
It was desired, to learn how to produce a warm fluid 
without endeavoring to transform the heat into 
mechanical energy: the power is removed from the 
compressed gas, at the reactor outlet, in plain cold 
water-fed heat exchangers. 

Furthermore, there is an exchanger between the 
blowers and the reactor, the purpose of which is to 
cool off the gas which has again been heated up by 
going through the machines. Thus, the gas enters the 
reactor at a temperature around 25C. 

During its downward motion, the gas warms up at 
the contact of the heavy water, in which 5 to 8% of 
the total power is released. The heavy water thus is 
kept at a fairly low temperature, which reduces the 
risks of plunger and vessel corrosion by it. 

The solution, taken as a whole, is an elegant one: 
the heavy water is insulated from the hot gases formed 
at the contact of the uranium, the heat which develops 
therein is removed without the need for a special 
device, the piping does not go through the bottom of 
the vessel, the design of which is extremely simple, and 
pipes can be taken out without having to expose the 
mechanics to radiation, since all critical parts have 
been arranged above the tubular block, away from the 
active region. 

This completely rules out the need for heavy water 
circulation. It would appear that this simplification 
would not necessarily remain in a more elaborate and 
careful design: the heavy water must circulate in such 
a fashion that its purity can be kept up consistently 
by filtration and extraction, on suitable resins, of the 
salts produced by corrosion. In addition, with the help 
of an exchanger provided in the heavy water circuit, 
its temperature can be adjusted independently from 
that of the primary fluid. This provides an additional 
means of adjusting the reactivity. 

The next requirements to be met are those pertain- 
ing to the slugs. Some are easy to visualize: the clad- 
ding temperature must remain lower than the tem- 
perature of chemical attack of the cladding metal by 
the primary fluid, no spot in the uranium must reach 
the temperature of its transformation from the a to 
the ft phase. Preliminary tests have made it possible 
to determine the temperature which can be withstood 
by the uranium cladding assembly without suffering 
cracks or even deformations due to thermal strains. 

But such requirements do not allow for the fissions 
which take place inside the uranium, and which may 
bring about additional difficulties, either by altering 
the structure of the metal, or by modifying its thermal 
conductivity. These phenomena can be studied only 
inside the reactor or in a reactor specialized for work 
on slugs. This brings a new factor into the picture, 
namely, the flux to which the cartridges are exposed. 



Finally, the manner in which the slugs may be 
treated is determined by the time it is proposed to 
keep them in the reactor. Only a long period of 
experimentation will indicate the rules to be adopted 
in order to make the best possible use of the potentiali- 
ties of these slugs. 

Speed of Gas, Output and Temperature Distribution 

The ducts are narrow, and the full elements must 
be kept at a relatively low temperature. The 1000 
to 2000 kw released in the pile can only be removed 
by a high speed of gas circulation. 

Different fuel elements do not generate the same 
amount of heat, since the fission rate, whkh parallels 
the neutron flux, decreases from the axis of the vessel 
to its walls. Thus, it is advisable to adjust the flow 
plunger by plunger, the maximal flow being for 
those closest to the axis. , 

This adjustment, at the Saclay reactor, is achieved 
by throttling the gas duct at the plunger outlet. 
The rule adopted has been that the temperature rise 
should be the same in all plungers. Accordingly, 
the temperatures are lower in the rods having a 
lower j/)wcr load. Consequently, the requirements 
are not so strict ior the slugs in the peripheral plungers. 
Logically, these slugs should be allowed to stay 
longer in the reactor. 

The same type of comment applies to the various 
slugs in a given plunger, but it is impossible to remove 
the slugs separately: they are all subject to the same 
irradiation time. 

Below is a set of results regarding the temperature 
and flow of the nitrogen. A certain number of uranium 
rods had been provided with thermocouples inserted 
between the uranium and the cladding. These gave 
a close approximation of the cladding temperature. 
However, they made the slugs more fragile. The slugs 
so equipped were removed from the reactor when 
it was placed in operation : 

Thermal power 800 kw 

Absolute circuit pressure at rest 8.9 atm 

Nitrogen flow 66 tons/hr 

Nitrogen inlet temperature 24C 

Outlet temperature 70C 

Maximum cladding temperature 126C 

Heavy water temperature 30C 

These data make it possible to estimate the tem- 
peratures with the reactor operating at different 
powers, according to proportionality, from the 
temperature of the industrial water used to cool off 
the gas in the exchangers. The heavy water level and 
other secondary factors must be taken into considera- 
tion as well. 

Where carbon dioxide replaces the nitrogen, the 
pressure is reduced in such a way as to keep the same 
mass flow. The temperature differential between the 
cladding and the industrial water then goes up about 
15%, the industrial water temperature, heavy water 
level and reactor power being kept fixed. 

In the central channels, for the output indicated, 
the average speed (it increases from the inlet to the 
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outlet) is 50 m/sec. At these high speeds, the fluid 
exerts considerable mechanical action on the light 
thermal screen and the suspension from which the 
slugs hang. Final design was adopted only after a 
number of tests. 

During the first months of operation, the power of 
the reactor had been kept at some 1000 kw, lest the 
slugs be brought up to unduly high temperatures. 
Improvements were made in the slugs, and reactor 
power is no longer limited by concern over the slugs, 
but rather by the amount of reactivity available. 
This limit, which is probably partly due to an 
accidental poisoning, will in turn be pushed back: 
the slugs will then be used in a manner more in line 
with their potential rating. 

The slugs are the most delicate elements found in a 
reactor, but they can be perfected even while the 
reactor is in operation. Its design must not be so 
rigidly set as to impede such improvements. 

Let it be noted that the improvements carried out 
concern only mechanical resistance: the heat exchange 
surfaces have suffered no important alteration. 

Pressure Drops 

The high speed of the fluid entails important 
pressure drops. Here are a few data pertaining to 
nitrogen, which will provide the reader with order 
of magnitude: 



f 2.5 aim (measured) 
12.0 



Total pressure drop 1 2 atm (compute<1) 

Pressure drop along the uranium 0.6 atm (computed) 
Pressure loss at the elbow 0.09 atm (computed) 
Pressure loss in the manifolds and tubu- 
lar block, up to the uranium 0.04 aim (computed) 

These pressure losses /are the cause of the large 
electrical power required to operate the blowers: 
this is 800 kw. This sizable consumption has to do 
with the experimental nature of the reactor; it must 
not be allowed to foster undue pessimism regarding 
the development of the compressed gas technique. 

The carbon dioxide-nitrogen comparison, presented 
in the above paragraph, and which is in favor of 
nitrogen, is a thermal, but neither a nuclear nor a 
chemical comparison, and it bears only on a specific 
case: the blowers designed for nitrogen have first 
been applied, unchanged, to carbon dioxide. An 
adaptation of the blowers to carbon dioxide mostly 
in the vanes will give it the advantage. This is a con- 
sequence of its larger molecular weight. 

Fluid Tightness 

The manifold, piping and exchanger couplings, 
the valves, as well as the bearing of each blower can 
be the seats of leaks. In the reactor itself, the only 
couplings are those of the manifolds and those placed 
at the head of the plungers. The latter had to be 
modified following some tests. The .design of the 
whole system now is right. 

The piping used for over-all circulation, the ex- 
changers and the valves, are steel parts, of greater 
weight than those mentioned above. This also raises 



design problems. The whole is housed in a ventilated 
cellar, which is inaccessible during reactor operation. 

The couplings on the blower casings have been 
polished with particular care. The rotor is shaft-end 
mounted. Thus, there is only one bearing to be 
lubricated. It is located outside the stator. The gland 
between the movable and fixed assemblies consists of 
special rings placed under spring load, soaked on the 
outside in a slight excess pressure of oil. This device 
does not allow the oil to enter the blower. In case of 
failure, suitable sling rings recover such oil as might 
have filtered through. The rings heat up: a certain 
amount of oil circulation removes the heat so de- 
veloped. The oil pressure, which is related to that 
present in the system, and its output, are carefully 
regulated. An indispensable precaution is a change of 
rings at reasonable intervals, determined by the 
number of hours of operation. This device, which is a 
little critical, rules out the possibility of oil getting 
into the circuit. 

In this fashion, there is no gas leak at all in the 
blowers. They can be reache I while the reactor is in 
operation, but the radiation emitted by the gas, 
which goes through the stator, makes it necessary 
not to stay for any length of time in their immediate 
vicinity. 

VI. THE PHILOSOPHY OF THE PHYSICS RESEARCH 
CONDUCTED WITH THE SACLAY REACTOR 

Extensive mention has been made of the work 
program developed around the reactor, with the 
object of acquiring better knowledge of this device, 
and of the general principles suggested by this study 
of a particular situation. 

The work is made somewhat difficult by the need 
of operating the reactor consistently in order to 
produce the radioisotopes and excess neutrons needed 
for various experiments. A certain amount of time 
was given the reactor specialists while it was placed 
in operation, after which they have had to make do, 
in order to complete their research, with the few 
available spots in a heavy schedule. It is impossible 
to turn the reactor over to them under well defined 
conditions, since the experimental channels are 
loaded with various samples or taken up by equipment. 

This point being made, let us see the spirit in which 
the research carried out on reactor radiation was 
conducted, in the field of reactor physics, which 
research is of a less technical, and more truly scien- 
tific, nature, than the study of the reactor itself. 

In the first place, such research entails the measure- 
ment of a certain number of well defined magnitudes, 
best exemplified by the cross-sections. A series of 
measurements of the fission and scattering cross- 
sections was undertaken, and the work was carried 
out on the fissile or fertile materials available to us. 
Being done with reactor neutrons, it was limited to 
thermal neutrons and to neutrons having slightly 
higher energies than those. 

In view of the date on which the work was under- 
taken, there was no hope of obtaining results which 
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would be unknown to all physicists. At least, they 
had the merit, for the most part, of never having 
been published. There could be no question, for us, 
of remaining unaware of fundamental data, in so 
far as we were in a condition to measure them. To be 
sure, we felt that, some day, the wraps of secrecy 
around atomic energy physics would be lifted. But, 
at any rate, our physicists had to prepare themselves 
for more difficult tasks, to train and equip for more 
original work. The field to be covered, at any rate, 
has now just been touched upon. 

But the physics of reactor neutrons does not 
merely deal with well defined magnitudes. While 
nuclear physics is cartesian, that of the scattering 
and moderation of neutrons is largely empirical. 
Even before any original, or at least unpublished, 
measurements were undertaken, we first had to learn 
what use to make of the numerical data published 
in official documents which were most useful but 
brief, at times couched with all the dryness of admin- 
istrative regulations. This is a situation in which 
theoretical work preceded experimental research. 
The latter bore mostly on thermal neutrons. Results 
have been obtained which we believe to be more 
accurate, on occasion, than those published in the 
older literature. In particular, they offer a possibility 
of refining our computation of the reactivity, but 
they do not form an integrated whole: we have to 
proceed with caution if we are to bring these innova- 
tions into an over-all structure which may, on occa- 
sion, seem illogical, but which, at least, is efficient. 

The two above paragraphs most certainly do not 
dispose of the question of reactor physics. However, 
what has been stated sufficiently illustrates the trends 
which we followed. 

Pure physics, or more exactly that which does not 
deal with reactors, such, for instance, as the study of 
crystal lattices, has not been the object of a com- 
parable effort. It must wait until the art of the reactor 
makers has progressed enough to make liberal amounts 
of neutrons available. 

VII. PROSPECTS OFFERED BY THE USE OF 
COMPRESSED GASES 

The future of compressed gases is in reactors which 
are designed to operate a thermal machine. 

In a reactor meant exclusively for the production of 
plutonium, an attempt is made at removing the heat 
as conveniently as possible: i.e., the fluid enters the 
reactor at the lowest possible temperature. One of the 
fundamental data pertaining to the fluid then is its 
temperature rise in the reactor. 

However, when the reactor drives the turbines 
through a heat exchanger, the temperature which is of 
most interest is the average temperature of the fluid. 
This temperature, on the one hand, defines the thermal 
efficiency to be expected of the turbines and, on the 
other hand, serves as a reference for all the tempera- 
tures in the reactor, more particularly those of the 
slugs. 

A given type of slugs can stand certain tempera- 



tures, allowing for the neutron flux and duration of 
operation. The question is that of finding out to what 
extent the mean fluid temperature can approach these 
limits, an approach which has the advantage of tur- 
bine efficiency, but the drawback of increasing the 
power needed for the forced circulation of the fluid 
(pumping power), thus of losing at one end what is 
gained at the other. 

It should be noted that the pumping power is not 
entirely wasted, since it is recovered in the form of 
heat in the fluid. 

Let us consider, in order to simplify matters, a reac- 
tor having identical channels subjected to the same 
neutron flux.J These are cylindrical channels, of the 
simple flow type, and contain concentric uranium 
slugs. Outside the reactor, the fluid circuit includes 
piping, the major part of which is in the exchangers 
and a pump. The resistance of the circuit to the 
passage of gas thus has a certain well defined value. 

Let T m be the absolute mean temperature of the 
primary fluid. This temperature is the same in the 
reactor Uself, where the gas warms up, and in the 
heat exchangers, where it cools off. T c is the tempera- 
ture in tke condenser. 

The efficiency, defined as the ratio of the power 
available on the turbine shaft to that released to the 
industrial fluid by the primary fluid, can be written: 



(-a 



The second factor is the thermodynamic efficiency. 
The former, smaller than one, expresses the imperfec- 
tions in the system made up of the exchangers, boilers, 
turbines and condenser. 

It is assumed thai the cladding can stand a maxi- 
mum temperature T g , set, either by the possibility of 
an attack of the cladding by the primary fluid, or by 
concern for the slug itself. 

Without specifying the thermal power at which the 
reactor must operate, the mean fluid temperature 
can be chosen so that the usable power be as large as 
possible. The result is that it must be the geometric 
mean of the temperatures T c and T . 

T m = \/T~f g 

The same idea then is applied to the flow. The 
efficiency of the setup as a whole, i.e., the ratio of the 
available useful power to the thermal power released 
in the reactor then is given by the simple expression: 



These expressions which are not strictly accurate 
because the derivatives of Reynolds' number, occur- 
ring as a low power in the formula for the useful power, 
and the derivative of Prandtl's number with respect 
to the temperature, have been left out, but they are 
none the less good enough approximations to be 
retained. They seem to be remarkably independent of 
the nature of the primary fluid. 

t A survey by G, B. Meleze, Engineer at the C.E.A. 
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The third stage of the work concerns the ratio of 
the diameter of the channel to that of the slug, in 
order once more to make the useful power maximum 
(one must make sure that the secondary parameters 
are so chosen as not to be meaningless). 

In addition, it is assumed that there is a tempera- 
ture level which the uranium may not exceed without 
a risk. In order to make the best possible use of the 
uranium, it is desirable that when the cladding reaches 
its limiting temperature, the same should happen with 
the uranium. This condition defines the rod diameter 
and the useful power. 

The temperature excess of the uranium over the 
cladding temperature is written for the hottest layer: 



M 

in which a is the radius of the rod, P/M the average 
power per unit mass and T a coefficient which would be 
proportional to its thermal conductivity if the tem- 
perature of the cladding were the same as that of the 
surface of the uranium. In fact, the uranium is hotter 
than the cladding due to the imperfection of the con- 
tact between the two metals. The factor of lOOrr has 
been chosen to adjust the order of magnitude of r and 
make it close to one. 

In this fashion, one determines the radius of 
the rod a, which appears to be a characteristic 
length set by the properties of the materials and their 
temperatures: 



a = 3.5 X 10-* ^ 



Tu 7 




A' A V* ,. 



where the symbols are as follows: p u specific gravity of 
the uranium, p absolute mean specific gravity of the 
primary fluid, C specific heat under constant pressure, 
A Darcy's coefficient, K ratio of total resistances to 
circulation of primary fluid to the resistance en- 
countered in the reactor, N, P, R, Nusselt's, Prandtl's 
and Reynolds' numbers, respectively, k a factor giving, 
for instance, the improvement in the heat transfer, as 
achieved by the use of fins. 

The useful power per mass unit of uranium is given 
by: 



2.1 X 10- 8 



M 



One must strive to have small radii, which is done, 
in the case of a gas, by increasing the pressure and 
improving the heat exchange. The classical gases seem 
to be closely equivalent. Computation further shows 
that one can obtain values that are reasonable from 
the nuclear standpoint for the various magnitudes 
which this method makes it possible to choose on the^ 
basis of thermoaerodynamic considerations. 



Equation 5 applies to the problem of an imaginary 
reactor in which all the channels are identical. A com- 
plete study then consists of finding out how much 
flow each channel should receive in order to achieve 
the best possible efficiency. The Saclay solution of 
throttling the outlets of the peripheral channels is 
better than nothing, but still causes a waste of power. 
Two approaches are possible and can be used jointly: 
the first one consists of equalizing the energy released 
in the various cells as much as possible. The second 
consists of feeding the peripheral channels on the one 
hand, and the central ones on the other, independently. 

The first method leads to the establishment of an 
irregular lattice, either as to dimensions or as to 
loading. The central area lattice will not be so good as 
that of the periphery. This presupposes a measure of 
"lavishness" in the use of reactivity. By following 
the second course, it is obvious that, for reasons of 
simplicity, the general fluid pressure is not the magni- 
tude which will be altered. But a hotter gas will then 
flow through the peripheral channels. A provision may 
be made, for instance, to hav; the gas come out of all 
the channels at the same temperature, but feeding 
the peripheral channels with warmer gas. This will 
entail a certain measure of design complication in the 
fluid circuit and in the exchangers and blowers. 

More exhaustive studies show that it is perfectly 
possible, in the near future, to build a thermal plant 
in which the "furnace" would be a graphite reactor 
loaded with natural uranium, having carbon dioxide 
as its primary fluid. The difficulty of making long 
pipes sufficiently pressure resistant while using a low 
capture material then leads to the use of a pressure 
vessel. 

In another direction, it also seems possible to make 
use of the technique used at Saclay, namely the heavy 
water, natural uranium, and tubular structure, in 
order to produce utilizable power, in a reactor of 
moderate dimensions, the pressure being less than 
that in a pressurized water reactor, but greater than 
that found in a graphite reactor. 
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Description of the Swiss Research Reactor 



By F. Alder, W. Halg, and W. Zunti, Switzerland 



The Swiss research reactor is still in the project 
stage. The detailed plans, however, are in a fairly 
advanced state and the realization may begin before 
the end of this year.' 

1. SITUATION 

The reactor site is located at the right border of the 
Aare River, in the community of Wurenlingen, 
30 km from Zurich. The main building, covering 
about 1200 m 2 , will house the reactor proper and 
most of the associated equipment, while the depart- 
ments of physics, chemistry, metallurgy, isotopes, 
the workshops and the administration are accom- 
modated in smaller separate houses. At a later time 
a "hot-lab" shall be adH-d. 

The swimming pool reactor shown in Geneva will 
be again erected in a modified form at the same 
location. 

*2. THE REACTOR 

Our aims called for a low temperature research 
reactor, using natural uranium as fuel, and heavy 
water as moderator and coolant. The aluminium clad 
uranium rods arc arranged in a square lattice with 
208 lattice positions inside a cylindrical aluminium 
tank of 220 cm diameter and 240 cm height. The tank 
is surrounded at the sides and the bottom by a 
graphite reflector of 75 cm thickness. At the design 
power of 10 megawatt the maximum thermal neu- 
tron flux is expected eventually to reach 2.5 X 10 18 
n/cm 2 -sec. 

3. THE SHIELD 

The lateral shielding consists of a boral-lined iron 
wall of 10 cm thickness, 80 cm of limonite + boron 
concrete, and 160 cm of hematite concrete of a density 
of 3.5 gm/cm 8 . The first element of the top shield is a 
shallow tank of 25 cm height, filled with ordinary 
water, followed by 45 cm of iron and 140 cm of 
hematite concrete. Above the iron shield, space is 
provided for an additional layer of 20 cm of a material 
which will minimize the residual activity in the room 
containing the drive mechanism of the control rods 
and other equipment. 

4. CONTROL RODS 

All control and safety rods consist of cadmium 
clad cylinders inserted vertically into the core from 
the top. For the manual or automatic control of the 
power level of the reactor, two rods are provided, 



each controlling 0.5% of reactivity. Actually, only 
one of them may be used at a time, the other serving 
as a standby. There are six safety rods. On release 
of magnetic clutches they drop into the cote. Four of 
the safety rods, controlling about 4% of reactivity, 
are used as shim rods in order to compensate Xe- 
poisoning, etc. The velocity of withdrawal is limited 
to a low value. 

5. IRRADIATION FACILITIES 

The core is traversed by four vertical channels of 
12 cm diameter and by five channels of 7 cm diameter, 
all of th?m in lattice point positions. This arrangement 
provides for an easy installation of high temperature 
loops for testing fuel elements, the associated equip- 
ment being located in the basement. All horizontal 
channels pierce the graphite reflector and end at the 
reactor core with the exception of a 7 cm diameter 
radial through-channel and two 15 X 15 cm tan- 
gential channels. There are radial channels of 50 X 
50 cm, 25 X 25 cm, but most of them are of 12 or 
7 cm diameter. 

6. THE COOLING SYSTEM 

The maximum heat flux at the surface of the 
uranium amounts to 60 w/cm 2 ; cooling by forced 
flow is a necessity. A careful study was made of the 
relative merits of systems with a complete separation 
of the moderating heavy water and the cooling heavy 
water, and of systems combining the two functions. 
A solution of the second type was adopted. 

Cold water from the heat exchanger enters the 
tank, acts as moderator, reaches the top of the 
uranium rod through an outer annular space, then 
flows downward along the rod with a velocity of 1.2 
to 2.5 m/sec, depending on rod position. The warm 
water, 50C at maximum, leaves the lower compart- 
ment through the central tube, proceeds to the pump 
and the heat exchanger. 

This system allows a wide variation of the heavy 
water level. It is safe in case of a power failure on 
account of the great heat capacity. It is economic: 
the aluminium weight is low, the external cooling 
circuit needs 0.8 tonnes of heavy water compared to 
9 tonnes within the core. 

The fuel elements are replaced from the top without 
loss of helium-gas. The flow-confining aluminium 
tubes also can be replaced, a valuable feature in 
case of severe rod distortion. The gaskets are placed 
above the top iron shield. 
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The gas space in the top of the syphon has to be The graphite reflector and the thermal shield 

kept under control. This is not considered as a serious a iso nee d cooling, which is provided by air at slightly 

draw-back because this feature can be incorporated , ess than atmospheric press ure. The air is filtered 
neatly m a detector-system of fuel element failure. ^ inl &nd fa ffl ^ ifi before . 

The pumps and heat exchangers, the purifier unit, , , ... , , f , , . 6 ^ 

the heavy water storage tank and the gas recombina^ blowers ' whlch are located at thc base of a 7 - meter 

tion unit are all located in the basement. stack. 



The Brookhaven Reactor 



By Marvin Fox,* USA 



DESIGN CONCEPTS 

The first large-scale nuclear reactor, designed and 
built specifically to support fundamental research 
programs, was constructed at the Brookhaven 
National Laboratory directly after World War II. 
The design was based upon the experience gained 
with the Oak Ridge and Hanford reactors during the 
war years, and was chosen because of the ready avail- 
ability of its primary materials, reactor-grade graphite 
and normal uranium metal. It was deemed necessary 
to design and build the reactor in a minimum period 
so that it would be available for research projects 
without delays due to development programs on 
untried design concepts. The reactor was the first 
built in the United States under nonmilitary control; 
being handled by a nonprofit, educational and re- 
search corporation under contract with the United 
States Atomic Energy Commission. 

The reactor concept was based upon a requirement 
for large research areas adjacent to the reactor, and 
this influenced the choice of the large volume, graph- 
ite-moderated core. A design criterion was a maximum 
central neutron ilux of 5 X 10 12 n/cm 2 sec, and this 
called for a power level of about 28,000 kw; which 
was much higher than for any gas-cooled reactor 
existing at that time. The removal of this heat 
dictated a novel air flow pattern through the graphite 
core and a novel fuel element design providing large 
heat transfer surfaces. A high density, iron-loaded 
concrete was developed as a shielding material in 
order that adequate attenuation, to insure low back- 
grounds for research purposes, would be achieved 
through a maximum thickness of five feet. The 
horizontal control and regulating rods were positioned 
along the diagonals of the graphite structure so 
that the research areas, external to the shield, would 
not be usurped by operating mechanisms. 

A further requirement, which made itself felt 
throughout the design, had to do with the fact that 
the reactor was located in the neighborhood of very 
high population density. It was extremely important 
to minimize the possibility of contamination due to 



* Brookhaven National Laboratory. Including work by R. O. 
Bolt, N. P. Shiells, California Research Corporation; J. B. 
Trice, Oak Ridge National Laboratory, Carbide and Carbon 
Chemicals Company; J. E. Binns. L. B. Borst (presently affi- 
liated with New York University), G. J. Dienes, J. J. Floyd, 
D. H. Gurinsky, W. L. Kosiba, H. J. Kouts, R. W. Powell, 
W. W, Pratt (presently affiliated with Pennsylvania State 
University), A. C. Rand, Brookhaven National Laboratory 
Associated Universities, Inc. 
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fission product escape from the fuel elements. This 
requirement led to the particular design of our fuel 
element which in turn had a great effect on the shield 
design, and also dictated the elaborate leak letection 
system incorporated in the structure. 

The variety and placement of all the research 
facilities were patterned to afford the flexibility 
required by research and development in all fields 
of science, with participation of the Brookhaven 
National Laboratory staff, academic institutions, 
industry, and hospitals. The diverse interests of all 
these research groups were anticipated, both as to 
variety and numbers, such that the utilization of the 
reactor, tt the present time, is impressive. 

DESIGN PROBLEMS AND THEIR TREATMENT 
Graphite 

The graphite used in the Brookhaven reactor was 
obtained from war surplus stocks. The records on 
these stocks were not good enough to assure the 
quality of the graphite, so that a program was es- 
tablished to measure the neutron diffusion parameters 
for the several batches of material. However, the 
engineering design and construction schedule could 
not wait for the results of the measurements. Hence 
a decision had to be made on the size of the graphite 
moderator on the basis of very meager information on 
the neutron diffusion parameters. In order to intro- 
duce a safety factor to take care of the possibility of 
poor graphite quality, it was decided to make the 
graphite moderator overly large; a 25-ft cube. It 
turned out to be unnecessary because the quality 
was good. Thus the Brookhaven reactor has a 4.5-ft 
reflector around the core which would not have been 
called for in the design if adequate information had 
been available. Undoubtedly, the graphite cube would 
have been designed no larger than a 21-ft cube if the 
neutron parameters had been known. This fact, of 
course, had a sizable effect on the costs of construction. 

The graphite structure is of great complexity; con- 
sisting of 60,000 individual pieces of stock, machined 
to 0.001 inch tolerances, and fitted together like a 
three-dimensional puzzle. The complexity arises from 
the great array of holes or channels extending through 
the structure in four directions (three coordinate 
directions and one diagonal) to accommodate the fuel 
channels, experimental holes, control rods, and the 
multiplicity of experimental facilities, and also from 
the pattern of bidirectional coolant flow through the 
fuel channels. There were 3000 engineering drawings 
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on the graphite structure alone. One half of the 
graphite structure and the base plate on which it was 
supported were constructed to be movable 0.5 inch 
in order that it would be possible to vary the central 
gap width (see P/488, this Session). This was done so 
that a proper balance could be established between 
the loss of neutrons from the gap and the aerodynamics 
of the coolant flow through the gap. The gap width 
was permanently set after the reactor was in operation. 

Control and Safety Systems 

Under a subcontract, the control and safety system 
was developed and engineered by the Servomecha- 
nisms Laboratory of the Massachusetts Institute of 
Technology. By the then-existing standards, it was a 
very elaborate system with complete integration in 
operation. It was desired that each of the control rods 
should have an independent source of energy for shut- 
down purposes in case the electrical power supply 
fails, and this led to the flywheel-hydraulic pump- 
hydraulic motor-variable speed transmission on each 
of them. This system has been absolutely trouble-free. 

The first of two manually-operated, auxiliary shut- 
down systems makes use of boron-steel balls which are 
dropped into four separate tubes in the graphite 
structure. The operating mechanisms for this system 
are imbedded in the shield and are connected by 
cables to levers beside the operating console. The 
four shot wells have a total effectiveness of less than 
1 per cent in excess reactivity. 

The second auxiliary safety system, also manually 
operated, employs a liquid poison, trichlorobenzene. 
This flows from a storage tank outside the shield into a 
series of eleven tubes in the graphite structure when a 
series of diaphragms are punctured by a lever opera- 
tion. This system is also capable of about 1 per cent k 
in control. 

The Coolant System and Meteorology 

Because of the importance of preventing contamina- 
tion from getting into the air coolant stream and being 
released from the effluent stack, it was deemed im- 
perative to install high efficiency filters on both the 
inlet and exhaust streams. This, again, was an innova- 
tion at that time. The inlet filters are of higher effi- 
ciency than those on the exhaust side because no very 
high efficiency filter media, capable of withstanding 
the 500F exhaust air temperature, were available. 
The filter media on the inlet side were changed after 
four years of operation because of a high pressure drop 
across them, but the original media on the exhaust 
side are still in service. 

A very stringent condition was imposed upon the 
maximum permissible radiation levels arising from the 
gaseous effluent from the stack. The specifications 
were that on the Brookhaven site the radiation level 
due to this source should not exceed 5 milliroentgens 
per day and for ofTsite areas not more than 0.5 milli- 
roentgens per day. Since it was calculated that about 
7000 curies of A 41 would be discharged from the stack 
each day, it was felt necessary to establish a meteor- 



ology program in conjunction with reactor operations. 
This program and the results are described in P/567, 
Volume 9 of these Proceedings. 

Besides this, a series of twenty background monitor- 
ing stations, situated in all directions from the reaccor 
out to a distance of about twenty-five miles, was 
established to obtain a continuous record of the radia- 
tion levels surrounding the site. 

It should be stated that the specified radiation level 
maximums have never been reached so that the re- 
actor has never been shutdown for meteorological 
reasons alone. 

Geology 

The Brookhaven National Laboratory is situated in 
an area on Long Island where the local ground water 
supports everyday living in a very direct ground-to- 
home and ground-to-industry way. Thus, it is very 
important that the Laboratory operation does not 
contaminate the ground water. A condition was im- 
posed that not more than two curies of activity per 
year would be permitted to bo discharged into the 
ground water on the site. This led to a geology and 
hydrology program of investigation of the local 
parameters by the United States Geological Survey. 
Its report, based upon four years of study and in- 
vestigation, will soon be published. 

CONTROL SYSTEM 

The control of the reactor can be broken down as 
follows: (1) control of the rate at which neutrons (and 
heat) are generated; (2) control of the temperature at 
various points inside the reactor by the use of an air- 
cooling system; (3) control of internal damage to the 
reactor due to corrosion, differential expansion, and 
radioactive contamination; and, (4) control of hazards 
to personnel due to radioactive byproducts and radia- 
tion leakage. However, this section is limited to a dis- 
cussion of item (1). 

Control of Neutron Flux 

The control of the neutron flux is essential for the 
following reasons: (1) to provide a constant neutron 
flux which is necessary for many research uses; (2) 
to avoid costly damage to the fuel elements due to 
high temperature or to thermal shock; (3) to avoid a 
catastrophe in which the temperatures would be so 
high as to damage the reactor structure itself (this 
danger is, however, minimized by the negative tem- 
perature coefficient of the reactor) ; and (4) to avoid 
other kinds of damage which would result from opera- 
lion under unsafe conditions. 

Control Elements 

The reactivity of the reactor is determined primarily 
in three ways: 

1 . Control Rods 

The control rods contain enough poison, with a good 
safety factor, to bring the reactor subcritical when- 
ever they are inserted. They are used to override the 
changing effects; such as fission product poisons and 
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temperature coefficients of the fuel and moderator. 
In addition, the rods provide control for the ever- 
changing in-pile experimental load. 

The control rods are operated either manually, as 
during startup, or instrumentally, as by the constant 
flux regulator during level operation. Another case of 
instrumental operation is that of an emergency shut- 
down, when all rods are inserted as rapidly as possible. 

Two of the control rods are electrically driven for 
fine control; the rest arc driven by hydraulic variable- 
speed transmissions. Failure of electric power is pro- 
vided for by storage of energy in a flywheel coupled to 
each hydraulic drive. 

2. In-pile Experimental Items 

There are many experiments which go into the reac- 
tor for the purpose of capturing neutrons. Among these 
are experimental loops which circulate various chemi- 
cals, pieces of cobalt for gamma sources, and furnaces 
or refrigerators for controlling the temperature of 
certain specimens. Most of these in-pile experimental 
items are poisons and affect the reactor in the same 
way as control rods. 

3. Fuel Loading 

The reactivity is also determined by the amount of 
fuel loading. Hy changing the loading, the reactivity 
can be varied within safe limits to meet research 
requirements and to permit operation with a mini- 
mum of control rod in the reactor. 

Startup 

The reactor is started up by withdrawing control 
rods. During startup, the behavior of the reactor is 
similar to that of an amplifier with positive feedback. 
Removal of poison from the reactor is analogous to 
increasing the gain of such an amplifier. 

There is a position of the rods for which the reactor 
is said to be critical. When this condition exists, any 
existing neutron population will continue unchanged. 
If the rods are further inserted, the reactor becomes 
subcritical and the population dies off exponentially to 
a stable level. If the rods are pulled out beyond the 
critical position, the reactor becomes supercritical 
and the population grows exponentially until rods are 
inserted to stop the increase. 

Instrumentation t 

The neutron instruments used during startup are 
described in order of decreasing sensitivity. 

1 . Counting Rate Meter t 

The neutron level before startup of the reactor is 
about a factor of 10 9 lower than the normal operating 
level. In order to read this low neutron level, a fission 
chamber is inserted into the reactor as far as the outer 
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t The initial instrumentation for measurement and control 
of radiation was designed and procured by the Servomechanisms 
Laboratory of the Massachusetts Institute of Technology. 

t The counting rate circuit is based on a design of P. K. Bell 
and W. Jordan of the Oak Ridge National Laboratory, Carbide 
and Carbon Chemicals Company. 
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Figure I. Counting rate system 

fuel elements. There the neutron density is sufficient 
to give about one pulse of ionization a second. These 
pulses result from the fission of the U 235 with which the 
plates are coated. As shown in Figs. 1 and 2, the 
pulses of current are amplified, passed through a dis- 
criminator which rejects the pulses of lower energy 
(not due to fission) and feeds the fission pulses now 
of equal energy into a logarithmic rate circuit. 

At the withdrawal of each control rod, the counting 
rate rises to a new level. At the rate of 10 4 counts a 
second, the indicator is reading full scale and a relay 
acts to withdraw the chamber into a region of lower 
flux to prevent too much activation of the metal and 
burn-up of the U 236 . Before 10 4 counts a second, how- 
ever, the reactor has become critical and the level is 
rising exponentially so that the period meter can be 
used. 

2. Period Meter f 

In starting up the reactor, it is just as important to 
know the rate at which the level is rising as to know 
the level itself. Since very high rates of rise are possi- 
ble and since the rise is exponential, it is conceivable 
that, even at very low level, the power may be rising 
so fast that by the time a level has been reached which 
can be recognized as dangerous, it is too late for the 
operator or safety controls to stop the rise before 
serious damage is done. It is important, therefore, to 
recognize a dangerous rate. This is done by the period 
meter, which responds as: 

tl . 

a log " 

Since the neutron density is rising as: 

n = noe t/T 

(I i 

log tt === 
dt T 

The deflections of the period meter are, therefore, 
inversely proportional to the reactor period, T.It will 

The basic amplifier circuit was developed at the Oak Ridge 
National Laboratory by P. R. Bell and W. Jordan. 




Figure 2. Counting rate circuit 
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Figure 3. Period system 

be seen that the reactor period is the lime required for 
the reactor level to increase by a factor of e. 

As shown in Figs. 3 and 4, the period system em- 
ploys an ionization chamber, boron-lined so it will be 
sensitive to neutrons (which split boron atoms into two 
highly ionizing particles). The dc component of the 
current from the chamber is fed into a diode with 
negative plate voltage. The resulting change in plate 
voltage is proportional to the logarithm of the signal 
current and, hence, to the logarithm of the neutron 
level. (This behavior of a diode with retarding plate 
voltage has been known since the early days of work 
in thermionic emission, and is due to the Maxwellian 
distribution of the energies of the emitted electrons.) 
The voltage signal is then amplified and differentiated 
to give an output current inversely proportional to 
reactor period. The output current operates an indi- 
cator, as well as an electronic trip circuit. 

The ionization chamber is actually two chambers 
in one. They have a common collector and one, being 
boron-lined, is sensitive to neutrons and gamma rays; 
while the other, being uncoated, is sensitive only to 
gamma rays. It is found that, by proper angular posi- 
tioning of the chamber, the signal current due to 
gamma rays in the two halves may be made to balance 
out. Thus, the background signal due to previous 
operation of the reactor may, during a shutdown, be 
eliminated so that the period meter will, during a 
startup, present us with an early and accurate reading. 

If the high voltage is supplied to the chamber from 
a bridge circuit, as shown in Fig. 4, the bridge may be 
balanced so that the noise from the two halves of the 
chamber, due to voltage fluctuations, will cancel out. 




UM MOM CIKTO- .** OlfFtENTi. 

Figure 4. Period system 



This gives more reliable operation than the use of a 
regulated high voltage supply. 

In the period trip circuit, a standard type of feed- 
back differentiator is used which provides enough 
power to operate a plate circuit relay while maintain- 
ing the desired high speed of response. The diode in 
series with the relay coil gives a suppressed-zero action 
and, consequently, a more stable trip point. 

In Fig. 4, the means for applying test signals are not 
shown. These consist of circuits for applying known 
currents to the input in order to calibrate the ampli- 
fier, and a circuit for applying test signal current at 
the grid of the trip circuit which may be increased 
until the relay trips. The trip point can then be read 
off the meter directly in seconds of reactor period. 

There are three period systems, each with a trip, and 
with their emergency shutdown relays so wired that 
if two or more circuits trip, the reactor will shut down. 

3. High Level Power Indicator 

In practice, the power level is allowed to rise on a 
constant, safe period until the megawatt region is 
reached. At a power about a factor of t() B below the 
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Figure 5. High level power indicator 

operating level, indications arc first obtained on a sen- 
sitive galvanometer which is connected to a boron- 
lined ionization chamber in the reactor. By means of 
a shunt, the range of this galvanometer may be 
changed by the operator so as to follow the rise of 
power up to the operating level. Recently, this gal- 
vanometer has been replaced with a sensitive dc 
amplifier of the chopper type, with the advantage of 
ruggcdness, so that complicated protective devices are 
no longer necessary (see Fig. 5). 

4. High Level Power Controller 

For high level constant power operation, a simple 
on-off type of servo is provided. A recorder-controller 
actuates one of the regulating rods by means of 
mercury switches. The signal to the controller is 
essentially the difference between two voltages: the 
voltage drop resulting from the flow of chamber cur- 
rent through a resistor, and a fixed comparison voltage 
which determines the set point. 

This simple device is adequate since the response of 
the reactor to small rod motions is rather slow. It holds 
the power to about 0.5 per cent. 

5. High Level Trips 

In order to insure that the reactor shuts down if a 
certain level is exceeded, three boron-lined ionization 
chambers are provided; each connected so that its 
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Figure 6. High level trips 

signal current Hows in turn through an electronic 
relay, through a cTArsonval relay, and through the 
common shunt of a power meter and a power recorder. 
One of the three trip circuits is shown in Fig. 6. 

The procedure for setting the high level trips is as 
follows: With the reactor operating at a known power 
level, the power meter and power recorder are cali- 
brated by varying their shunt until they read this 
power. With the key of the signal generator closed, the 
simulated power is then raised to the desired trip 
value by increasing the current contribution from the 
signal generator. The two trip circuits are then ad- 
justed until they just trip. 

The electronic relay (F : /. 7) is a 2- tube amplifier 
which energizes an emergency shutdown relay. Be- 
cause of the suppressed-zero design, the full current is 
maintained through the relay coil until the reactor 
power is within a few per cent of the trip point, then 
drops rapidly. This, by insuring full contact pressure 
during normal operation, diminishes the chance of an 
accidental trip. At the same time, it makes the trip 
point more accurate. 

The signal from the ionization chamber causes the 
grids of both stages to go negative so that the elec- 
tronic relay is fail-safe with respect to most tube and 
circuit failures. 

The purpose of the d'Arsonval relay is to back up 
the electronic relay with a simpler device. It has the 
disadvantages, however, of being slower and of not 
having fail-safe contacts. 

A three-point recorder is connected in turn to each 
of the three recorder shunts to monitor the signals to 
the three trip circuits. As in the case of the period 
circuits, the relays of the high level trips are wired so 
that the reactor will not shut down unless at least two 
out of three relays drop. 

Avoidance of Accidental Emergency Shutdowns ( ESD) 

While a very few accidental ESD's have been caused 
by operational mistakes, most have been due to instru- 
ment failure. Wherever possible, the instrument sys- 
tems are designed to fail safe. This makes for a safe 
reactor, but one which is susceptible to accidental 
shutdown. 

One obvious means for reducing the number of 
accidental ESD's is to make the instruments more 
reliable* In the case of the high level and period trips, 
this was done by use of zero-suppression. A program of 
contact cleaning also helped. 



The hard-to-maintain contacts of the ESD lockout 
switches were eventually replaced with a banana plug 
type. The use of an independent power supply for 
instruments only has been a help in preventing shut- 
downs due to loss of instrument power. Along the 
same lines, it is planned to segregate on certain circuit 
breakers all the instruments which can cause an ESD 
and to eliminate all other loads from these circuits. 
It is also planned to install an automatic transfer 
switch so that in the event of an instrument power 
failure the instrument load will be transferred to the 
commercial mains. Since all the circuits which will trip 
on momentary power failure are self-setting, the con- 
trol rods will move in only a short distance and the 
reactor power will drop only about one per cent. 

As mentioned above, the ESD relays for the three 
period trips, the three electronic relays, and the three 
d'Arsonval relays are specially connerced. Each of 
these relays has two sets of contacts through which 
the main ESD contactor is energized. These contacts 
are connected so that the ESD contactor will remain 
energized unless at least two relays drop. This connec- 
tion has proved to be the most potent factor in the 
reduction of accidental ESD's. 

Theory of Coincidence-Connected Trips 

Each group of three trips has a small but finite prob- 
ability of failing to act when called upon; i.e., it is not 
completely fail-safe. Each group also has a small but 
finite probability of causing an accidental ESD, owing 
to "safe" failures. The object is to reduce drastically, 
by coincidence-connected relays, the latter prob- 
ability without seriously increasing the former. 

Let P = the chance that one circuit will be in a 
tripped condition at some instant. The chance that a 
certain pair of circuits will both be in a tripped condi- 
tion at the same instance is P 2 . Now P is very small, 
since special efforts have been made to prevent acci- 
dental trips, and if a momentary trip does occur, the 
circuit resets itself. P 2 , therefore, is negligible. 

The chance that some pair of circuits will both be in 
a tripped condition at the same instant and that the 
reactor will accidently shut, down is 3.T* 2 , still negli- 
gibly small. 

How much safety has been sacrificed? Let p = the 
chance of some one circuit failing to act when called 
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upon. This is small because the circuits are almost 
completely "fail-safe," and because of routine mainte- 
nance and monitoring by the operators. The chance 
of the reactor failing to shut down in an emergency is 
just the chance of some pair of circuits simultaneously 
failing to act when called upon. This is 3# 2 . Now, if the 
same three circuits were not coincidence-connected, 
the chance of the reactor failing to shut down in an 
emergency would be 3 ; that is, the chance of simul- 
taneous failure of all three circuits; therefore, in the 
coincidence-connection of the relays, the chance of 
failing to shut down has been increased by a factor of 
3. While this is a large factor, it is applied to a quan- 
tity which is already exceedingly small. 

It would be possible, of course, by increasing 
the number of circuits, to compensate for the loss 
of safety due to the coincidence-connection. In the 
case of the Brookhaven reactor, this was deemed 
unnecessary. 

FUEL ROD LEAK DETECTION METHODS 

The Brookhaven reactor contains about fifty metric 
tons of normal uranium in the form of some thirteen 
hundred individual fuel elements. The fuel elements 
are the subject of P/828, Volume 9, these Proceedings. 
The uranium rods are covered with aluminum tubes 
which serve to prevent the escape of fission products 
and to prevent chemical action of the uranium. The 
integrity of the aluminum containers against leaks is 
of vital importance and it is essential that any leaks 
which do occur are detected without delay. Detection 
methods must be highly sensitive and reliable to 
assure good operational practices. There are several 
leak detection methods used at Brookhaven. 

Exhaust Air Monitor 

This instrument is an ionization chamber, located 
in a small holdup tank, into which a stream of the 
filtered exhaust air passes and stays for a few seconds. 
In normal operation the predominant radioactivity- 
associated with this air is A 41 . In the case of a fuel 
element failure there is added to this background 
activity that due to xenon and other gaseous fission 
products. 

Exhaust Air Filter Monitor 

A small side stream of unfiltered exhaust air is 
drawn off and separately filtered. This filter is con- 
structed so that it forms a portion of an ionization 
chamber. Since all atmospheric dust is removed by 
high quality inlet filters, any particulate matter 
originating in the reactor will be held up on this filter. 
The ionization chamber routinely yields a signal due 
mainly to the A 41 radioactivity of the exhaust air. In 
the event of a fuel element failure, the activity due to 
the particulate matter held up on the filter medium is 
added to the background activity and creates a signal. 

Probes 

The probe consists of an oil-soaked bundle of steel 
wool attached to the end of a steel rod. This is in- 
serted through the wall of the exhaust air ducts in a 



position before the air encounters the exhaust filters. 
The steel wool will pick up some particulate matter if 
any is present. This operation is done once every hour 
to establish backgrounds and any increase of activity 
is readily ascertained. 

Helium System 

This is a very complicated mechanical-electrical 
system for determining which of the thirteen hundred 
fuel elements has failed when a failure is detected. 
Communication with each of the individual elements 
is achieved with this system through an aluminum 
(0.125-in. diameter) capillary tube welded to the end 
of each of the aluminum containers. These capillary 
tubes pass from the ends of the fuel channels through 
fixed conduits terminating at the outside face of the 
reactor shield on top of the reactor. Groups of these 
tubes are connected to twenty-seven separate mani- 
fold chambers and each manifold is pressurized with 
a static pressure of helium at 1 psig. The helium in the 
fuel element serves: (1) to indicate a leak by a drop in 
pressure; (2) to prevent oxidition of the uranium 
metal and also other chemical reactions; and, (3) as a 
good gaseous heat transfer medium. 

The helium pressure in each manifold is monitored 
automatically and continuously by recording instru- 
ments sensitive to the loss of only a few cubic centi- 
meters of gas. When one of the manifolds indicates a 
low pressure due to a leaking fuel element, the leaker 
is located by connecting the individual fuel element 
capillary tubes to pressure monitors, through a 
permanent system of valves. Almost all the leaks 
develop gradually so that the escaping helium prevents 
the oxidation of the uranium until the time the leak is 
detected. When the leakage rate is determined to be 
small the fuel element is allowed to remain in the 
reactor under special surveillance until the rate in- 
creases beyond allowable limits. In this way, the fuel 
element lifetime may be extended considerably and it 
can be discharged at a convenient shutdown rather 
than immediately. 

THE REACTOR SHIELD 

It has been mentioned that one of the original design 
concepts was that the shield be no thicker than five 
feet. The development of a high density concrete was 
chosen as the most likely material to provide the 
desired characteristics. In 1947, only very fragmentary 
information existed on the attenuation properties of 
the reactor shields at Oak Ridge and Hanford. At that 
time, a reactor shield was thought of to include: (1) a 
dense, metallic inner section to absorb 99 per cent or 
more of the primary gamma-ray heat incident on the 
shield (this section is usually designated as the thermal 
shield and requires cooling) ; (2) a high, stable hydrogen 
content to provide for the slowing down of fast neu- 
trons by elastic collision; and (3) a high density con- 
stituent effective in absorbing the residual primary 
and secondary gamma rays, and in slowing down fast 
neutrons by inelastic collision. 

In 1946, L. B. Borst, at Oak Ridge, made the sug- 
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gestion that a "loaded" or "heavy" concrete, con- 
taining hydra ted metallic ores, might serve to provide 
the characteristics of (2) and (3), above. It would have 
the advantage, too, of economical fabrication as a 
monolithic, poured material. 

At the outset, it was established that the density of 
the mixture should be about twice that of ordinary 
concrete in order to hold the thickness to five feet or 
less. Such a density could not be achieved using only 
hydrated metallic ores, so it was necessary to include 
a dense metallic constituent. Thus, attention was con- 
fined to a mixture containing only cement, crushed 
limonite (2Fe 2 O3*3H 2 O) as the fine constituent, and 
scrap iron punchings as the coarse constituent. A 
specific gravity of 4.5 demanded approximately equal 
volumes of limonite and iron scrap pieces. Various 
mixtures were poured in an effort to effect a workable 
combination at least the equal of ordinary concrete as 
a structural material. Tests demonstrated that a work- 
able mixture of high compressive strength, satisfying 
all the design criteria, was achieved with : 



Portland cement (10 bags) 
Crushed limonite 
Iron punchings 
Water (36 gallons) 
Retarding, plasticizing 



Ib 

940 
1880 
4100 

300 
15 



4.8 
8.4 
8.4 
4.8 



A six-inch thick iron thermal shield was adopted 
for the inner section of the shield structure, and it was 
decided to use this as one side of the forms into which 
the heavy concrete would be poured. A large quantity 
of three-inch thick iron plate, surplus to the war 
effort, was located, and this was used for building the 
forms. Hence the shield configuration was: 6 inches of 
iron plate; 4 feet, 3 inches of heavy concrete; and 3 
inches of iron plate as the outside face of the forms. 
Obviously, the use of 3-in. plate on the outside was 
unnecessary: its availability as surplus material dic- 
tated its use. 

Physical Properties 

1. Density 280 to 300 pounds/ft 8 . The total iron 
content is about 70 per cent of the gross weight and the 
weight ratio of iron to hydrogen is about 120. 

2. Specific heat averaged, about 0.164. 

3. Thermal conductivity averaged, about 0.0085 
cal/sec cm 2 C. 

4. Coefficient of expansion about 16 X 10- fl /C. 

5. Modulus of elasticity about 3.5 X 10 6 psi. 

Attenuation Properties 

Measurements on the attenuation characteristics 
for both neutrons and gamma rays were made at 
Brookhaven and at Oak Ridge. For a thermal reactor 
the shield thickness is generally determined by the 
gamma attenuation length, which is somewhat longer 
than for the neutrons leaking into the shield. 

In the gamma-ray measurements, two kinds of de- 
tectors were used: one, nondirectional to receive the 
radiation emerging through the shield in all directions, 
and the second, collimated so that only the forward 
direction, more energetic component of the radiation 



was detected. Using the collimated detector, the at- 
tenuation length is about 9.2 cm, and in the uncol- 
limated case it is about 7.9 cm. The corresponding 
over-all attenuation factors for the total five-foot 
thickness is e 18 - 6 = 10 7 - 2 , and e 18 - 3 = 10 8 - 4 . 

The attenuation length for reactor neutrons is about 
6.5 cm. The corresponding attenuation factor for the 
five-foot thickness of the shield is e 23 - 5 = 10 l 2 . 

Costs 

It is meaningless to attempt to compare the costs of 
different kinds of reactors or their individual com- 
ponents. Likewise, it is difficult to compare costs for 
reactors built at different times and under different 
conditions. Thus, the cost of the Brookhaven reactor 
shield cannot be compared even with the cost of an- 
other of the same type, such as the Oak Ridge graphite 
reactor. As an example, the graphite structures in the 
Brookhaven and Oak Ridge reactors are almost iden- 
tical in overall size (a 25-ft cube versus a 24-ft cube), 
yet the Brookhaven shield is 58 X 38 X 35 feet in 
over-all dimensions whereas the Oak Ridge shield is 
47 X 38 X 35 feet. The extra length in the Brook- 
haven sLield is dictated by the fuel element design. 

The only sensible comparison of costs should con- 
cern itself with the costs per square foot of shield, 
without any built-in special facilities. The costs per 
square foot of the bare Brookhaven shield in place, 
including the six-in. thermal shield of iron plate, are 
about seventy-five dollars. 

EXPERIMENTAL FACILITIES 

The over-all dimensions of the reactor shield are 
approximately fifty-eight feet (length) by thirty-eight 
feet (width) by thirty-five feet (height). One of the 
ends is reserved for the operational loading and un- 
loading of the fuel elements. Actually, this opera- 
tional face is also used in connection with the produc- 
tion of long half-life radioiso topes; such as cobalt-60, 
which is accomplished in some of the unfilled fuel 
channels. The other five faces of the box are research 
areas where all the experimental facilities are located. 

A pattern of thirty horizontal beam holes extends 
through the graphite core and the opposite shielding 
walls, in the direction perpendicular to the fuel chan- 
nels (see Figs. 8 and 9). These holes, four-inch squares 
in the graphite, are spaced three feet apart horizontally 
and four feet apart vertically. They are used either for 
neutron beam or inpile irradiation types of experi- 
ments, It was originally thought that only about ten 
of these holes could be used on each face at any one 
time because of space limitations. Actually, about 
twenty of the thirty on each face are in almost con- 
stant use. 

The top face of the reactor was designed to accom- 
modate experiments requiring large areas of neutrons 
leaking out of the reflector; such as the thermal 
column. The top shield is built in the form of inter- 
locking blocks, each four feet square (see Fig. 10). 
When one of them is removed, an opening of this size 
right down to the top of the reflector is provided. 
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Shotwell 



Scanner 
opening 



Trough for helium system 
tubing and removable 
ers not shown 



Removable 
Periscope 

tube 



I openings 




North face 



West face 



Pile pushing mechanism^"" ^^^^^^^ Pile locking mechanism 
Cutaway isometric view of shield 

Figure 9. (A) Thermal shield which lines both plenum chambers; (B) floor grill and east-west channels omitted to show I-beams; (C) airtight mem- 
brane, restraining springs not shown; and (D) balconies not shown 



There are five experiments here, using six of the 
four-ft square positions. 

The bottom face of the reactor is accessible by 
means of two tunnels built underneath the graphite 
structure. Figure 11 shows the steel liners, forming 
these tunnels, being set in the foundation. The larger 
tunnel is two feet square in cross section and has an 
exposure window three by two feet in area. The smaller 
tunnel is one-foot square in cross section and has a 
window three feet by one foot in area. A small, flat car 
moves on rails in the bottom of each tunnel and can 
be loaded through openings in the floor of the building 
on both sides of the reactor. These tunnels were built 
to provide for the irradiation of live animals, as well as 
large size instruments or equipment. Leads can be 
taken out of the tunnels from the experiments to 
monitoring or recording meters in the reactor room. 

The sixth face, opposite the loading and unloading 
face, is used primarily for the production of radioiso- 
topes and to provide service irradiations of special 
targets. Eleven special tubes, parallel to the fuel 
channels, terminate at this face. Some of them are 
used to convey samples pneumatically into and out of 
the core. Others can be used manually to insert 
samples of special nature, with or without monitoring 
leads connected to them. The fuel channels are also 
accessible through this face. A twelve-inch square re- 
movable section of the graphite core, parallel to the 
fuel channels and including the central fuel channel, 



provides for a beam experiment extending over a dis- 
tance of up to one hundred feet: it is here that the fast 
chopper is installed. 

There is a wide variety of devices built into the re- 
actor for doing irradiations of specialized character. 
Most of the specialization comes by way of require- 
ments for controlled ambient temperatures. The 
graphite and air temperatures in the reactor range 
between 50 and 200C. Two of the four-in. square 
beam holes have each been provided with water-cooled 
irradiation chambers to yield a controlled temperature 
of 30C. These are built so that samples can be inserted 
or removed while the reactor is in operation. A third 
such beam hole has a chamber cooled by liquid nitro- 
gen to provide an ambient temperature of 190C; 
this, also, can be operated independent of shutdowns. 
A fourth beam hole has a furnace installed to provide 
elevated temperatures up to 500C. A fifth beam hole 
contains a foil slot for irradiating thin samples and is 
operable independent of shutdowns. A sixth beam 
hole is used for the target conveyor, which can handle 
some three hundred separate samples, at one time, in 
an endless loop. Samples can be inserted and removed 
from this facility also while the reactor is operating. 

One of the fuel channels has a chamber for the 
irradiation of gaseous 'samples, pumped into the re- 
actor and out by a special system without requiring 
a shutdown. Still other holes in the reactor have 
controlled temperatures in the range of 50 to 70C, 
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Figure 10. Interlocking and removable shielding block* installed on the 
top face 

provided by air-cooling. With regard to cross section- 
al area, the largest object which has ever been ir- 
radiated in the' core of the reactor was a sixtcen-in. 
diameter piston ring. 

THE OPERATING SCHEDULE AND PHILOSOPHY 

For a reactor supporting a large program of research, 
the most productive schedule of operations is that of 
full power operation continuously, <ir nearly so. In this 
way, data can be taken around the clock, providing 
the equipments are set up to operate and record data 
automatically over long periods of time. There are 
about fifteen experiments at the Brookhaven reactor 
which are conducted in this manner, having research 
personnel in attendance essentially during the day 
shift only. Several others have personnel in attendance 
on either a two or a three-shift basis. All the other 
experiments devote the day shift only to data taking. 

The operating schedule includes a shutdown of the 
reactor at approximately ten-day intervals. These 
occur on alternate Tuesday and Friday evenings at 
the end of the day shift. The Tuesday evening shut- 
downs are usually of short duration, only a few hours, 
to allow for changes in experimental equipment and 
the insertion or removal of irradiated samples being 
done in facilities which require a shutdown. The Fri- 
day evening shutdown is usually of short duration, 
also, but may extend over twelve hours or more to 
permit more extensive work to be done and also to 
accomplish fuel element changes in the loading. All 
shutdown work is scheduled very carefully in advance. 

The demands of the research people for high neutron 
fluxes of constant magnitude dictates an operating 
procedure calling for the presence of almost no control 
rods in the reactor at equilibrium conditions. Experi- 
menters do not like to have a source of neutrons in 
close proximity to a control rod because the flux is 
decreased by its presence and varied by its motion. 
Hence, it is important to achieve a balance between 
the fuel loading and the neutron-absorbing materials 
as represented by the experimental equipment. In 



Figure 1 1. Steel liners being Installed in foundation of the Brookhaven 
reactor to provide irradiation tunnel facilities on bottom face 

other words, it is important that the excess reactivity, 
nt equilibrium conditions, be of minimum value. In 
routine practice, the excess reactivity taken up by the 
control rods of the Brookhaven reactor is hardly ever 
greater than 0.05 per cent k. Indeed, the balance is so 
tightly held that often the reactor operates at full 
power with no excess reactivity this means that at 
such times all sixteen control rods are fully withdrawn 
from the reactor. 

It is important that the operations staff has as its 
guiding criteria, one of safety and one of making it 
easy for the performance of research. The second cri- 
terion may, at times, be incompatible with a good 
operating record, however, it is not often so as a 
matter of historical record, the Brookhaven reactor 
operates more than 00 per cent of the time. The im- 
portant elements of the operating staff which have to 
j>c imbued with the spirit of cooperation with the re- 
search staff arc those at the top level in charge of the 
reactor and those who come in contact with the re- 
search people by way of rendering some service 
necessary to the conduct of the research. 

THE OPERATIONS STAFF 

The character of the Reactor Operations Division is 
tailored precisely to meet the demands of the reactor 
and the research programs. The supervisors and oper- 
ators are divided into five shift groups which are 
responsible for the shift operations. Besides, there are: 

(1) an instrument group responsible for maintenance 
and development work on all electronic equipment; 

(2) a maintenance group responsible for all other 
maintenance on the reactor and operation of the staff 
machine shop; (3) a research coordination group 
which handles all problems of the research people as 
they affect the scheduling and physical changes re- 
quired, as well as of the radioisotope work; (4) a fuel 
element group which fabricates the new fuel elements 
and prepares the shipments of burned out fuel ele- 
ments for processing; (S) an administrative and cler- 
ical staff in charge of records, fuel element inventory 
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and control, and outside contacts; and (6) a meteor- 
ological group responsible for problems pertaining to 
the discharge of the gaseous effluent from the reactor. 

All members of the division who are involved with 
actual work on the reactor are trained to be very 
versatile in all functions so that they may be used in 
all phases of the work. They understand radiation 
problems and are able to use radiation instruments. 

The total staff comprises about fifty persons. The 
annual payroll, including insurance and retirement 
benefits, vacation and sickness allowances, and shift 
and overtime bonuses, amounts to about 285,000 
dollars at the present time. 

STARTUP AND SHUTDOWN PROCEDURES AND 
THEIR EFFECT ON FUEL ELEMENT LIFE 

In the early history of the Brookhaven reactor, the 
startup and shutdown procedures were of a pattern to 
insure an over-all safe operation. The period trip 
circuits would not permit a period shorter than three 
seconds, although in practice the startup periods used 
were in the range of 20 to 40 seconds. There was little 
or no concern about a relationship between fuel ele- 
ment life and modes of startup or shutdown. 

An early research program required a number of 
closely spaced, full powe" operating intervals, followed 
by short, shutdown intervals. Immediately following 
this type of operation, it was noticed that some fuel 
element failures would occur. It was decided that the 
failures were due to a combination of two causes: (1) 
thermal stresses on the fuel elements resulting from 
severe temperature cycling; and (2) high power densi- 
ties in some of the fuel elements due to the reduction 
in core size by the presence of control rods. As more 
and more experience was gained, it became evident 
that these effects could be minimized by simple re- 
strictions to our operations procedures. 

In order to prevent severe temperature cycling of 
the fuel elements, restrictions were put into effect on 
both the startups and shutdowns. The startup rate of 
power increase is limited to prevent a temperature rise 
greater than 2C/min. The shutdowns are controlled, 
by cutting the coolant flow, to prevent a cooling rate 
greater than 2C/min. Along with these conditions, 
the control system has been modified so as to elimin- 
ate faulty shutdowns due to false signals or electronic 
failures (see Control System above). 

Inordinately high power densities are avoided in 
startups by approaching the full power level gradu- 
ally. The full power level is reached only after the 
short-lived fission products build up considerably, so 
that very little control rod effect on power density 
remains. Only eighteen fuel elements have failed in 
the entire Brookhaven reactor history, and none at all 
during the past year. 

MEASURED FLUX PATTERN AND SPECTRA 

In a large reactor, such as this one, with an extensive 
research program changing from month to month, it is 
somewhat meaningless to specify the flux pattern or 
spectrum throughout the volume of the graphite 
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Figure 12. Neutron flux measurements In experimental hole E-13, power 
level 26 megawatts 

structure. Generally, when an experiment requires 
precise information of this sort, measurements are 
made at the position of the equipment at the time of 
the experiment. Extensive measurements have been 
made in two experimental holes, E-13 and E-25, and 
the data follow. 

A plot of the variation of the slow, resonance, and 
fast neutron fluxes, as a function of the distance from 
the center line of the graphite core in E-13, appears as 
Fig. 12. The resonance flux between 0.47 ev and 
0.6 Mev is taken as the difference between the fluxes 
measured with cobalt detectors, with and without 
cadmium coverings. The fast neutron flux above 
1.6 Mev is obtained from cadmium-covered U 238 de- 
tectors. The cadmium ratios and the fast flux-slow 
flux ratios are displayed. The cobalt cross sections 
used in these evaluations were 34.2 barns for the 
thermal activation cross section and 41.2 barns for the 
resonance activation cross section. Other measure- 
ments with cadmium-covered Np 287 detectors indicate 
that the ratio of fast flux above 0.6 Mev to slow flux is 
25 per cent. 

Calorimeter measurements indicate that the gamma- 
ray flux averaged at an energy of 1 Mev is about 40 
per cent of the slow neutron flux. This means that at a 
slow neutron flux of 4 X 10 l2 /cm 2 -sec, the gamma-ray 
flux, averaged at 1 Mev, would be 1.6 X 10 12 /cm 2 -sec. 
Using the conversion factor of 1.9 X 10 9 to convert 
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from gamma flux to roentgen dosage, this gives about 
3 X 10 6 r/hr. This value compares with the rough 
rule which applies to this type of reactor which says 
that the gamma dosage in r/hr is the square root of 
the slow neutron flux in n/cm 2 -sec. This rule gives 
2 X 10 8 r/hr for comparison with the above number. 

LISTING OF LONG-TERM EXPERIMENTAL 
EQUIPMENTS 

Physics Department 

Four crystal spectrometers, slow chopper, fast 
chopper, three radiation damage study facilities, fast 
neutron converter, thin-lens 0-ray spectrograph, ex- 
periment on lattice structure of crystals, neutron de- 
tection experiment, nuclear isomer studies, magnetic 
domain experiment. 

Chemistry Department 

Two crystal spectrometers, low temperature irradia- 
tion facility. 

Reactor Department 

Two crystal spectrometers, shielding experiment. 

Nuclear Engineering Department 

Lattice experiments, in-pile loop, creep experiment, 
neutron diffusion studies. 

Biology Department 
Thermal column, studies on biological specimens. 

Medical Department 
Neutron irradiation therapy facility. 

Guests from Other Institutions 

Three crystal spectrometers, three in-pile Joop ex- 
periments, He* decay experiment. 

SOME EFFECTS PRODUCED IN GRAPHITE BY 

NEUTRON IRRADIATION IN THE 

BROOKHAVEN REACTOR 

Introduction 

When graphite was first considered for use as a 
moderator in reactors, E. P. Wigner pointed out that 
the bombardment of graphite by neutrons would result 
in knocking out atoms from their lattice sites and that 
a change in the physical properties of the material 
should be expected. The initial theoretical work was 
extended by F. Seitz 1 whose calculations showed that 
the number of carbon atoms displaced in graphite in 
slowing down a single fission neutron (2 Mev) to 
thermal energies is of the order of 1870. 

The earliest experimental work on the effect of 
radiation on the properties of graphite was performed 
by a group under the direction of Franck and Burton. 2 
The effect of neutron bombardment on the c-axis (dis- 
tance between hexagonal planes) was first studied by 
Zachariasen. 2 The work of these investigators con- 
firmed the existence of the so-called "Wigner effect. 11 
Since graphite is an important moderator, the effect 



of radiation on its properties has been studied inten- 
sively at many of the laboratories in the United States 
of America, in Canada, and in the United Kingdom. 
The list of investigators 2 is so long and their contribu- 
tions so extensive that this paper does not attempt to 
enumerate them. 

The present paper is the result of a study of the 
effect of neutron bombardment on three properties of 
graphite; i.e., physical dimensions, crystal dimensions 
(c-axis), and heat content. Since the changes in these 
properties have been shown by previous investigators 
to depend on temperature of irradiation as well as on 
exposure, the experiments were carried out over a 
range of irradiation temperatures. 

Experimental Procedure 

Three types of samples were used in this study. The 
first set consisted of one-half inch diameter cylinders, 
approximately four inches long. These were used pri- 
marily for physical expansion measurements. The long 
axis of the specimen was parallel to the axis of extru- 
sion of the graphite bar. Subsequently, these will be 
called E samples. These samples were irradiated in ex- 
perimental holes which are parallel to and between 
the fuel bearing channels. The second type of sample 
was used for heat content and crystal expansion and 
was obtained from the containers in which the E 
samples were irradiated and were either one inch in 
diameter by one-inch long cylinders, or one-inch cubes. 
These will be referred to as EC samples. The third set 
of samples consisted of parts of a solid cylinder (the 
whole cylinder would be about one inch in diameter 
and one-half to three-quarters of an inch in length). 
These will be referred to as C samples, which were ob- 
tained by means of a coring tool inserted into an 
empty fuel channel, and used for heat content meas- 
urements. The first two types of samples differ from 
the last, in one important way; namely, that for the 
same integrated flux (usually given in terms of thermal 
neutrons) the percentage of fast neutrons bombarding 
the specimen is much greater in the case of the C 
(cored) samples. 

Method of Measurement 

1. Heat Content 

The sample for this measurement, which as indi- 
cated above, was small, was placed in the center of a 
cylindrical brass furnace, 4.25 inches inside diameter 
by 29.5 inches long. The space between the sample and 
the inner wall was filled with the insulating material, 
" Santocel." The brass cylinder was quickly raised to 
the desired temperature, either 200 or 400C, and this 
temperature was maintained constant by means of a 
thermocouple attached to the midpoint of the brass 
cylinder furnace. The temperature of the sample was 
measured as a function of time by means of a thermo- 
couple imbedded in the specimen. After allowing the 
furnace and specimen to cool to room temperature, the 
procedure was repeated. The latter establishes the 
base heating curve for the specimen in its environs. 
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Table I. Stored Energy 



Sample 
number 


Average 
irradiation .,, v . mo 
temperature * vt X /0 


Maximum 
temperature 
reached 


released on 
heating 


Furnace 
temperature 
C 




C 


C 


cal/K 




C-l 


55 


.13 


281.8 


53.6* 


200 


C-2 


65 


.61 


228.0 


24.0 


200 


C-3 


150 


.66 


200.0 


00.0 


200 


C-4 


65 


.61 


400.5 


t 


400.5 


EC-S 


60 


.19 


234.0 


24.9* 


200 


EC-6 


60 


.19 


400.5 


43.9* 


400.5 



* Values of stored energy calculated by J. Chernick. Other values calculated, using approximate 
method outlined previously. 

t No calculation done on Sample No. C-4. 



2. Crystal Expansion 

Portions of the EC and C samples were taken before 
and after the heat content experiments and polished 
through 4/0 emery paper. These were then mounted 
on the sample holder of a North American Phillips 
high angle spectrometer and a trace of the 002 peak 
was taken. From the angular measurement of the 
center of the peak, the value of the d spacing, and 
therefore, the interplanar distance of the 002 planes 
(oaxis) was calculated. 

3. Physical Dimensions 

The E samples, which were the only ones used for 
this measurement, were provided with squared ends. 
They were measured before and after irradiation by 
means of a Sheffield Comparator and gauge blocks on 
a 3.98000 inch gaugp length. As a rule, thirteen indi- 
vidual readings were taken across the ends of the 
cylinder. 

Results 

A few representative examples of temperature-time 
plots are presented in Figs. 13-18. The upper curve in 
these figures is obtained on the first heating of the ir- 
radiated sample; whereas, the lower curve is the result 
of the second heating of the same sample. Most of the 
irradiated samples showed an increase in heat content. 
This increase in heat content will be referred to as 
stored energy. Figures 13 through 15 are the plots 
obtained on samples which showed a maximum, 
medium, and no stored energy when heated to 200C. 
One of the samples, which had been heated to 200C 
(see Fig. 14), was then heated to 400C to obtain 
Fig. 16. Figures 17 and 18 were obtained by heating 
adjacent samples to 200 and 400C, respectively. 

The calculated values of stored energy, given in 
Table I, were obtained from the experimental heating 
curves by a mathematical analysis of the heat flow of 



this experimental The stored energy may also be 
roughly calculated as the product of the temperature 
rise (i.e., the difference between the temperature at 
which the first heating curve deviates from the second 
heating curve and the maximum temperature at- 
tained) and the average specific heat of graphite, 0.25 
to 0.30. The sharper the peak for the maximum tem- 
perature, the better is this approximation. Values 
calculated in this manner agree reasonably well with 
those cjlcu'ated by Chernick, but are apt to be lower. 
For exainple, in Fig. 13, the temperature difference is 
about 152C. Thus, the energy released is approxi- 
mately 45 cal/gm, which compares favorably with the 
calculated value of 53.6 cal/gm. 

The results obtained on the physical growth and 
r-axis measurements are given in Table II and Fig. 19 
and 'Fable III and Fig. 20, respectively. 

Discussion 

The data, in the previous section, show some of the 
interesting changes in physical properties which occur 
upon displacing atoms by means of reactor irradiation. 
It is well known that radiation effects can be annealed 
out by heat treatment at elevated temperatures.* The 
recovery or healing of the lattice is due to the migra- 
tion of the radiation induced defects out of the crystal, 
their mutual annihilation or aggregation into less effec- 
tive clusters. It is qualitatively clear, however, that 
the changes produced by an exposure at a given tem- 
perature depend upon two competing processes; 
namely, the rate of damage production and the rate of 
annealing. At very low temperature, annealing is 
minimized and defect production depends upon the 
rate of bombardment and is expected to vary linearly 
with total integrated flux. At temperatures where ap- 

1f We are indebted to J. Chernick, of the Brookhaven National 
Laboratory, for this calculation. 



Table II. Physical Growth 









Change in length in 




Sample 
number 


A verage 
irradiation 
temperature 


nvt X 10** 


3.98000 inch gauge 
length sample due 
to irradiation 


Per cent 
of growth 




C 




(inches) 




E-l 


SO 


1.18 


+0.00696 


0.18 


E-2 


55 


1.19 


+0.00671 


0.17 


E-3 


65 


1.20 


+0.00545 


0.14 


E-4 


85 


1.21 


+0.00525 


0.13 


E-5 


120 


1.20 


+0.00371 


0.093 
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Figure 13. Time vs temperature plot 
of a graphite sample in a furnace 
held at 200C temperature of irradi- 
ation, 55C 



Figure 15. Time vs temperature plot 
of a graphite sample in a furnace 
held at 200 G temperature of irradi- 
ation, 150C 
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Figure 17. Time vs temperature plot of a 
graphite sample in a furnace held at 
200C: temperature of irradiation, 60C 
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Figure 14. Time vs temperature plot 
of a graphite sample in a furnace 
held at 200G temperature of irradi- 
ation, 65C 



Figure 16. Time vs temperature plot of a 
graphite sample In a furnace held at 400 C 
temperature of Irradiation, 65C. Some of 
the stored energy of this sample was re- 
leased in a furnace held at 200C 



Figure 18. Time vs temperature plot of a 

graphite sample in a furnace held at 400C 

temperature of irradiation, 60C 
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Table 1(1. c-Axis Growth 



Sample 
number 



Average 

irradiation 

temperature 

C 



(7-axf J after 

irradiation 

(anKstroms) 

f 



Per cent 

c-axis 
expansion * 



EC-4 


50 


.18 


0.821 


1.8 


EC-5 


60 


.19 


6.802 


1.6 


EC-7 


130 


.20 


6 735 


0.54 


EC-8 


50 


.18 


6.817 


1.7 


KC-9 


60 


.19 


6.802 


1.5 


EC-10 


85 


.21 


6.775 


1.1 


ECM1 


130 1 


L20 


6.753 


0.81 



* Calculation based on c-axis = 6.699 angstroms for non-irradiated graphite. 



preciable annealing takes place, a typical growth 
curve, characterized by a steadily decreasing slope, is 
expected when defect concentration, or an associated 
change in physical property is plotted against inte- 
grated flux. Such curves have been published for 
various metals. 4 ' 6 Thus, radiation effects are expected 
to approach a limiting value at any given temperature 
whenever annealing is important, and, since annealing 
is a thermally activated process, the amount of attain- 
able damage will be a more sensitive function of tbe 
temperature of exposure than of the integrated flux. 

According to the data presented, graphite exhibits a 
behavior which is quite similar to other crystalline 
materials and follows the above-outlined general pat- 
tern. Each physical property measured is briefly dis- 
cussed below. 

1. Stored Energy 

Although the data, presented in Table I, are meager, 
it is obvious that the extent of damage, as determined 
by the stored energy measurement, is not linear with 
exposure (integrated flux). Rather, as pointed out 
above, the data suggest that the amount of stored 
energy is more dependent on the temperature of ex- 
posure than on the integrated flux at these levels of 
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Figure 19. Per cent growth vs average Irradiation temperature of 
graphite samples: integrated flux 1.2 X 10 20 neutrons /cm 2 



exposure. The fact that more energy is released on 
healing to 400C shows that annealing is an activated 
process. 

2. Physical Growth 

Similar trends are shown by 'he physical growth 
data, of Table II. Expansion decreased with tempera- 
ture of exposure, as shown in Fig. 19; again, in agree- 
ment wiih the ideas presented above. 

3. c.axfe Growth 

t;-a:ds, or crystallite expansion, parallels, in general, 
changes in gross physical dimension with one impor- 
tant difference. -axis expansion is of the order of a 
factor of 9 larger than gross physical expansion over 
the range of exposures and temperatures covered" in 
these experiments. Crystallite expansion is probably 
due to the presence of interstitial atoms since far 
larger strains are associated with these defects than 
with vacant lattice sites. 6 - 7 The difference between 
crystallite expansion and physical expansion is prob- 
ably attributable to the porosity of graphite; i.e., there 
is considerable room for crystallite expansion without 
a correspondingly large change in the over-all dimen- 
sions of the specimen. 
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Figure 20. Per cent c-axfs expansion vs average irradiation tempera- 
ture of graphUe samplest integrated flux 1.2 X 10 neutrons/cm 2 
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Figure 21. Behavior of reactor following a loss of coolant (with control 
rods locked out) 

EXPERIMENT TO DETERMINE BEHAVIOR OF REACTOR 
UPON LOSS OF COOLANT 

A controlled experiment was performed to determine 
the behavior of the reactor under the very improbable 
circumstance of having the control system fail at the 
same time the power supply to the coolant system 
fails. This set of conditions might permit the reactor 
to continue to operate after the flow of cooling air 
ceases. In order to do this experiment, all the safety 
trip circuits, which would tend to shutdown the re- 
actor because of violation of safe operating conditions, 
were locked out. 

Just prior to the experiment, the reactor had been 
operating routinely at a power level of about 26,000 kw 
in equilibrium with the xenon poison. The power level 
was reduced to 15,000 kw where equilibrium was again 
established, so that the temperature of the fuel ele- 
ments dropped to 1(X)C below the routine operating 
temperature. At this point, the cooling fans were shut 
down manually. The control rods, of course, did not 
move. The metal temperature and the power level 
were then followed for a period of thirty minutes. A 
plot of these data appears as Fig. 21. 

It is seen that the fuel element temperature rose 
abruptly and that the power level decreased rapidly. 
Obviously, the reactor went subcriticai due to the 
combination of negative temperature and barometric 
coefficients. It is difficult to analyze these data quanti- 
tatively to determine how much each effect con- 
tributes to subcriticai condition. The initial slope of 
the power level curve indicates a period of about 
110 sec or a Afc of 26 inhours. The negative barometric" 



pressure in the reactor due to the cooling fans is 
90 mm Hg. If the pressure changed instantaneously by 
this amount, when the fans are turned off, the con- 
tribution from this source, alone, would be about 30 
inhours. In contrast to this, an instantaneous rise of 
about 55C in the average metal temperature would, 
by itself, account for the initial period. The tempera- 
ture data, plotted in Fig. 21, are not actually the tem- 
perature of the uranium metal but the temperature of 
one of the fins on a fuel element. This must lag behind 
the actual metal temperature considerably in time at 
the beginning of the experiment. Hence, it must be left 
to intuitive judgment to assess the contributions from 
the two effects. Probably the greater contributions at 
the beginning come from the barometric effect. This 
underscores the wisdom of a process design for such 
reactors calling for a less-than-atmospheric operating 
pressure to insure this safety feature. 

The cyclic behavior of the power and temperature 
data that followed is interesting and understandable 
in terms of the negative temperature coefficients which 
contribute alone during this part of the experiment. 

SOME ASPECTS OF THE HISTORY OF 
THE OPERATIONS 

Summarized in Table IV is a history of all the 
emergency shutdowns (ESD) which have occurred 
since the reactor was put into operation at high power 
levels after the initial investigative period. It is appar- 
ent from this analysis and record that changes and 
improvements in the instrumentation and control 
system design have significantly increased the reli- 
ability and stability of the operation. 

Table V is a summary of the safety experience of the 
reactor operations prepared for US Atomic Energy 
Commission official files. 

CONSTRUCTION COSTS 

The construction costs of the Brookhaven reactor 
are useful only as an historical record, and cannot be 
used in any comparative manner. It must be recalled 
that the design and construction took place before the 
birth of even the small-scale reactor industry as it ex- 
ists at this time. There was almost no experience upon 
which to rely so that the whole endeavor may only be 
represented to be a laboratory-scale research equip- 
ment project. Much of the material used in the con- 
struction was obtained from war surplus stocks and 
the designs were executed to accommodate these 
items. A number of components in the design were 
first attempts so that there were high development 
costs which would not appear in designs of the present, 
which make use of some of these same developments. 
In addition, a number of finished components had to 
be removed, reconstructed, and reinstalled in order to 
meet the operating specifications. 

The construction costs on the reactor, the reactor 
building, and the air-cooling system, including the fan 
house with blowers, filters, air ducts, and air cooling 
equipment totaled about 16 million dollars. The con- 
trol system alone totaled 1.5 million dollars, of which 
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195 n 



195 2\ 



1953 



1955 Total 



* ESD during permissible process conditions, 
t ESD during prohibited process conditions, 
t Time at which High Level Trips were improved. 



Personnel mistakes 












Error in operating procedure 41 


4 


3 


3 


4 


14 


Error in judgment 1 " 








1 


1 


Inattention while near trip points | 


9 




1 




10 


Accidental pushing of ESD button* 


2 


1 






3 


Short circuit* 








1 


1 


Equipment failure 












Fluctuation or loss of commercial power* 


3 


6 


5 


3 


1 18 


Fluctuation or loss of ac instr, power* 


3 


4 


3 


1 


11 


Fluctuation or loss of dc instr. power* 













Failure of air compressor* 




1 






I 


Failure of blower motor f 




1 




1 


2 


Instability or inaccuracy of instr.* 




1 




2 


3 


Instability or inaccuracy of trip point* 


16 








16 


Vacuum tube failure* 


2 








1 


Contact failure* 




2 


2 




4 


Short circuit* 




2 


1 


1 


4 


Leakage of oil or air* 




1 


1 




2 


Failure of test equipment* 








1 


1 


Loss of fixed poisonsf 


1 








1 


All causes totals each year 


38 


23 


17 


14 


1 93 



Time ."/him protective guards were installed over ESD 
buttons, 

If Time when ESD circuits were made self-resetting on occa- 
sions of false signals. 



Table V. Safety Experience of the Brookhaven Reactor Operations 



United States Atomic Energy Commission Safety Experience Reactors and Critical Facilities to December 31, 1954 
1. Designation of reactor or facility JiNL 2. Location Upton, New York Date March 18, 1955 

3. Type (critical, research, production, power) Research 4. Design power (kw heat) 28,000 

5. Brief description of reactor or facility and associated control and safety equipment Graphite-moderated, air-cooled, normal 
uranium heterogeneous fueled; moderator 25 ft cube; 8 inch lattice; 55 tons fuel; 16 horizontal control rods (2 regulating, 14 
shim) individually powered; 4 boron shot wells and liquid trichlorobenzenc system; maximum flux 5 X 10 12 n/cm 2 -sec; manual 
startup; automatic power level regulation. 



6. Time operated 
kw hours 


AuK.-]*ec. 1950* 


1951^ 


1952 


1953 


1954 


2.58 X 10 


1.24 X 10 


1.67 X 10* 


1.80X 10 8 


1.86X 10 


total operating hours 


918 


6717 


7688 


7401 


7691 


time approaching critical 
time, critical to full power 




0.25 per cent 
1 per cent 


0.25 per cent 
1 per cent 


0.25 per cent 
1 per cent 


0.25 percent 
1 per cent 


7. Average number of persons (operators. 












research staff, and others in reactor 












building during operations) 


120 


130 


140 


150 


150 


8. Accidents involving over-exposure of per- 












sons or radioactive contamination of 












property as defined in AKC Manual, 












Sec. 0502, Par. 031a-l(e): 












on-site 

















off-site-- 

















9. Other accidents involving property dam- 












age in excess of $5000 per accident 

















10, Number of startups 


50 (?) 


283J 


160 


83 


54 


11. Number of scrams 


5 


72 


21 


22 


15 


Due to personnel failures: 












Inattention 





17 


3 


5 


4 


Accidental activation of controls 


2 


4 


1 








Other 











1 





Due to equipment failures: 












Fluctuation or loss of power supply 





6 


9 


8 


4 


Electrical failures 


3 


41 


6 


4 


4 


Mechanical failures 





3 


1 


2 


2 


Other 





1 


1 


2 


1 



* Time devoted mainly to critical loading, full loading, and startup experiments. 
t Operation limited to 10,000 kw during early part of year. 
% Mainly due to startup experiments. 
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Figure 22. Design and assembly of fuel element to be used in the reloading of the Brookhaven reactor with enriched U m 



more than half were development costs. The shield 
costs added up to another 1.5 million dollars, with high 
development costs and unnecessarily high fabrication 
costs due to the use of surplus materials. Included in 
the shield costs are those of many special features re- 
quired by the built-in experimental facilities. The 
graphite machining and erection costs, exclusive of 
the cost of the graphite, totaled 1.6 million dollars due 
to the complexity of the structure required by the in- 
stalled .experimental equipment. The air cooling sys- 
tem came to 3.8 million dollars and included high 
development costs on the bidirectional flow pattern, 
special blowers and filters, and some reconstruction 
costs. The leak detection system totaled 0.5 million 
dollars with high development costs. The fuel element 
costs of 0.3 million dollars included high development 
costs, but did not include the cost of the uranium 
metal. All the special experimental facilities, elevators, 
air conditioning, and other special features totaled 
about 1 million dollars. 

PLANS FOR REFUELING THE REACTOR 

A development and testing program has been in 
progress for about one year now, with the objective of 
converting the fuel from the present, normal uranium 
to highly enriched U 23fi . Theoretical studies indicate 
that about fifty kilograms of U 28B , distributed over 
approximately the same number of fuel channels as at 
present, will serve to increase the maximum central 
thermal neutron flux from its present level of 5 X 10 1 ' 2 /. 
cm a /sec to about 3 X 10 18 /cmV S ec. The power level" 



for this higher flux is calculated to be 20 megawatts in- 
stead of the present 30 megawatts. 

The fuel elements under development are fabricated 
from MTR type fuel plates. Each plate will be 2.25 
inches wide by 24 inches long by 0.060 to 0,080 inch 
thick, and will contain only 3 to 4 grams of U 23B im- 
bedded in an aluminum matrix and clad with alumi- 
num. These plates are bent along the axis of the long 
dimension into a 60 degree angle. Three such bent 
plates are then held together at each end by welds to a 
thin ring (see Fig. 22). There will be eight assembled 
fuel elements in each fuel channel of the loading and 
about 5000 will be required. These new fuel elements 
will provide much less impedance to the flow of air 
through the fuel channels than do the present elements 
and the pumping power required to drive the cooling 
air through the reactor will be greatly reduced. Tt is 
anticipated that the pumping power will be only 1000 
kilowatts in contrast with the present demand of 
5000 kilowatts. 

Although the MTR type fuel plates have never been 
operated in other than a water-coolant medium at low 
temperatures, the tests, so far, indicate that they can 
be used with air cooling at much higher temperatures 
with the expectation of good service life and high 
burnout of the contained U 286 . Failures which lead to 
the escape of fission products are expected to be much 
less frequent than with the solid rod, natural uranium 
fuel elements. In fact, the whole operation of the 
Brookhaven reactor will be much simpler when the re- 
loading has been accomplished. 
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The change of fuel will have a marked effect on all 
the neutron physics aspects of the reactor. This is due 
to the removal of the U 288 which represents a very 
great poison in the core. The neutron generation time, 
at the present time about 1.5 milliseconds, will be 
about 6 milliseconds. This means that every poison 
will have a larger reactivity effect than now, and that 
the response to excess reactivity will be more sluggish. 
The control rods will represent about 14.8 per cent in 
excess reactivity in contrast with the 4.3 per cent with 
the present loading. It should also be stated that the 
shield will require no modifications to take care of the 
increased flux. 
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Design and Description of Water Boiler Reactors 

By L D. P. King,* USA 



I. INTRODUCTION 

It is the purpose of this paper to give a brief survey 
of the origin, design, and operating characteristics of 
water boiler type reactors. Through long usage the 
name "Water Boiler," in the reactor field, has become 
associated with small enriched homogeneous reactors. 
Basically the water boiler consists of a container filled 
with enriched uranium and water solution surrounded 
by a neutron reilector, a set of control rods to adjust 
the criticality, and usually a gas handling system. 

The first need of a water boiler type assembly arose 
early in 1943 when it became necessary to know the 
critical-mass of homogeneous solutions of U m in 
various concentrations and moderating media. The 
purpose of this assembly was not only to provide 
critical mass data but also to provide experience in 
the operation and control of an enriched chain reacting 
assembly. This unit soon became known as Lopo (low 
power) since it was operated at essentially zero power 
in order to simplify the overall design. 

As a result of the successful operation and experi- 
ence gained from Lopo, it seemed desirable to con- 
struct a power unit to be used as a strong neutron 
source for various experiments. This first power water 
boiler called Hypo (high power), was put into opera- 
tion in December of 1944. After 14,000 kilowatt hours 
of operation it was decided to redesign this reactor in 
order to make it a more useful research tool. 

The rebuilt reactor known as Supo has been used 
up to power levels of 45 kw with peak thermal fluxes 
of 3.7 X 10 l neutrons/cm 2 /sec/kw. This model of 
the water boiler began operation in 1950 and is in use 
at the present time after about 200,000 kilowatt-hours 
of running time. This reactor has been found to be a 
very versatile and reliable research tool. 

From the data accumulated on Supo, it appears that 
with some redesign this model of the water boiler can 
produce substantially higher flux levels. A more radical 
design proposal known as the Test Tube Reactor ap- 
pears to have some promising features. 

The Atomic Energy Research Department of North 
American Aviation Inc. has constructed two water 
boiler type reactors. A one-watt unit designated as 
WBNS (Water Boiler Neutron Source), went into 

* Los Alamos Scientific Laboratory. Including work by Los 
Alamos Scientific Laboratory Water Boiler Groups; Harold M. 
Busey, Los Alamos Scientific Laboratory; R. Philip Hammond, 
Los Alamos Scientific Laboratory; Atomic Energy Research 
Department of North American Aviation; Nuclear Reactor 
Project at North Carolina State College; Paul R. Kasten, Oak 
Ridge National Laboratory. 



operation in April, 1952. A SOO-watt reactor was com- 
pleted in November, 1953 as a neutron source for the 
Livermore Research Laboratory in California. 

The North American Aviation group also has design 
proposals for two 50-kilowatt reactors; one is a general 
research unit which will be constructed for the Armour 
Research Institute at Chicago, the second is especially 
designed for medical research. 

The North Carolina State College has had a 10- 
kilowatt water boiler in operation since September, 
1953. This reactor is used in the university research 
program, especially for the training of students in re- 
actor technology. 

II. TESTED WATER BOILER DESIGNS 
A. Zero Power Reactor, Lopo, Los Alamos, 1944 

This reactor was really a critical assembly experi- 
ment using enriched uranyl sulp>hate solution in water. 
The zero power operating level was chosen after con- 
sidering a power model in order to eliminate shielding 
requirements and minimize possible troubles which 
might arise in connection with radiation effects on the 
solution. These potential difficulties were concerned 
with holding uranium in solution, the gas evolution 
from decomposition products produced by the fission 
process, and the contamination of the solution by the 
fission products themselves. 

The design of Lopo was based on the requirement 
that a minimum amount of uranium should be used. 
This necessitated the use of a good reflector and the 
use of materials throughout which had a minimum 
neutron absorption. It was also required that there be 
an accurate control of reactivity and the entire system 
be as simple as possible consistent with safety. 

Uranyl sulphate was chosen in preference to uranyl 
nitrate since it has a lower neutron cross section and 
has a larger uranium solubility. Table I lists the 
components of the homogeneous mixture used in Lopo 
which soon became known as "soup." 

Calculations indicated that beryllium oxide would 
make an excellent reflector and that a 1-ft diameter 
sphere would be the proper size to minimize the 
uranium requirements for a 7 per cent to 15 per cent 
enriched solution. Corrosion studies showed that 
stainless steel (type 347 18-8) would be a satisfactory 
material to contain the solution. 

The schematic design of Lopo is shown in Fig. 1. 
Control of reactivity was accomplished by means of 
a 34-in. long cylinder of cadmium % in. in diameter. 
The rod could be moved remotely in a vertical direc- 
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Table I. Lopo Solution Composition 



Element 



Grams 



Moles 



Urn 


580 


2.47 


640 


TJJ3H 


3378 


14.19 


12.1 


s 


534 


16.66 


0.45 




H 


14,068 
1573 


880.4 
1561 


0.0009 
0.31 


Stainless steel (sphere and 
re-entrant tube) 


1100 


20 






H 2 = 15 liters 
Density 1.348 at 39C 
U 236 concentration 14.67 per cent 



tion and set to within 0.5 thousandth of an inch. An 
additional cadmium rod was used as a shutdown 
safety. In order to eliminate temperature effects the 
entire apparatus was enclosed in a thermostated 
enclosure. 

The solution could be dropped into a subcritical 
geometry below the sphere when not in use. Numerous 
safety features were incorporated in the design of the 
solution handling system, shown in Fig. 2, so as to 
eliminate accidental loss of solution. 

Since this was the first chain reaction with enriched 
material, many precautions were taken while ap- 
proaching the critical condition. Five independent 
neutron detectors placed in different positions were 
used to determine the multiplication of a 200-milli- 
curie radium beryllium source placed at the center of 
the sphere. A zero or no multiplication reading was 
obtained by filling the sphere with distilled water. 
Fig. 3 illustrates how far in advance the critical mass 
can be estimated by a judicious placing of the de- 
tectors and source. The abscissa are normalized 
reciprocal counting rates. 

Reactivity was increased by first removing solution, 
then adding and thoroughly mixing some more con- 
centrated solution to the conical pan. The new soup 
was then raised each time to a definite level in the 
pipe above the sphere. The critical mass with 14 per 
cent enriched uranium, for the geometry used, was 
found to be 565.5 grams of U 236 at 39C. 

Several measurements were made to better under- 
stand the operating behavior of Lopo. 

1. The control rod calibration was determined by 
comparing rod position with known additions of U 235 . 
The entire rod was equivalent to 11.3 grams of U 286 
which was later determined to be 6.2 X 10~ 8 A&/- 

2. The absolute criticality of the system or the rela- 
tion between Ak and AAf is of primary interest, (k is 
the reproduction constant and M the total mass of 
uranium in the system.) For very small changes these 
quantities can be considered proportional. This pro- 
portionality constant was determined by measuring 
the effect on control rod position when a liquid-filled 
plastic bubble was moved within the sphere. The 
bubble was filled with a boron solution of equivalent 
nuclear properties except for the absence of a fission- 
able material. The absolute criticality was determined 
as 5.48 X lQr*Ak/k per gram of U 238 . 



3. The temperature coefficient at 39C was deter- 
mined as 0.55 grams U 2SB /C or a &k/k of 6.2 X 1Q- 3 
per degree centigrade, by varying the temperature of 
the entire reactor system and observing the effect on 
the control rod position. 

4. The effective fraction of delayed neutrons (yj) 
and the mean prompt neutron lifetime (T>) were deter- 
mined by a special experiment. A cadmium absorber 
connected to a crank on an electric motor was jerked 
in and out of the reflector at such a repetition-rate 
that the delayed neutron intensity had no time to 
decay but merely produced a steady background, 
while the fast neutrons were able to follow the fluctua- 
tions. F^om an absolute calibration of the reactivity 
effect of the cadmium for all crank positions and from 




Figure 1. Cross section, LOPOt (1) Cd safety curtain, (2) overflow; 
(3) safety electrode; (4) level electrode; (5) Cd control rod; (6) upper 
pipe; (7) stainless steel sphere containing enriched uranyl sulfate 
(UO 2 SO 4 ); (8) BeO reflector; (9) graphite reflector; (10) level electrode; 
(1 1) air pipe; (12) dump basin 
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Figure 2. LOPO solution system. Fluid handling system: note, * = hoke needle valve; t = 

connections not shown 

the measurements of the counting rates of the gated 
counters at various phase angles, the value of yf was 
determined as 0.0086. For high crank velocities the 
prompt neutron lifetime can be determined by the 
phase lag between the counting rates and the absorber 
position. A value of 135 20 microseconds was 
determined. 

5. The theoretical relation between excess reactiv- 
ity (Ak) and reactor period (T) is given by the 
equation 



Items inside dotted line 
are on control panel 

opens solenoid dump valve automatically; electrical 



Ak/k = r p /T + 



_ 
T~+r t 



where the qt and r,- are the respective amplitudes and 
periods of the delayed neutron fractions relative to the 
total number /. Substituting experimental values for 
Lopo and the known delayed neutron periods gave 



Ak/k 



"135 
T 



626 



6287 



T + 0.62 



T + 2.2 

_2 4.4 20 
T + 80.: 



62,600 

r + 3i.7 



x ia 6 



This equation correctly predicted the periods of the 
reactor for known excess reactivity values. 

6. Short time fluctuations of the neutron intensity 
when Lopo was run at critical, were studied by means 
of a fast recording counter and by a circuit which 
permitted adjusting counting gate widths and times 
between gates. These variations were found to be. 
much larger than for an ordinary Poisson fluctuation. 




100 200 300 40O SOO 600 

Figure 3. Grams U 236 in tphere: (1) Mn foili at sphere center; (2) U 2 " 
chamber 3 In. from center; (3) Mn foil* at node of 3rd harmonic; (4) 
BF* + Cd + Ch 2 outside reflector, BF + Cd outside reflector; (5) 
U 298 chamber against outer sphere surface; (6) BFa chamber outside 
reflector; and (7) In foils 3 in. from sphere surface; (8) In + Cd foils 
3 In. from sphere surface 
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Table II 



Material 



Sizt of reflector 



lieO 

BeO-graphite 
Graphite-BeO 
Graphite-tuballoy slugs 

Graphite 
H 2 O-tuballoy slugs 



3 ft mock sphere 

2 ft BeO cube surrounded by JJ -jj ft of graphite shell 
18-in. graphite cube surrounded by 1 ft of BcO shell 

4 ft cube of graphite and 20 slugs of tuballoy 2V in. diam- 
eter, 2} in. long placed 12 cm from edge of sphere 

4 ft cube graphite 

5 ft diameter cylinder, 5 ft high with 63 t ubailoy discs 2J4 in. 
X 2\>$ in. spaced equally on a spherical surface 20 cm in 
radius 

5ft cylinder, 5 ft high 



Critical mass, 
grams U n * 

572 2 

573 2 

735 10 
740 10 



760 
1 100* 



1200* 



10 



* Extrapolation estimates. 

7. Neutron distribution measurements taken in the 
sphere and reflector were found to check theoretical 
predictions. 

8. Tests were made on several reflector materials to 
compare their relative effectiveness. The results are 
shown in Table II. 

B. Power Water Boiler, Hypo, Los Alamos, 
1944-1949 

The construction of this reactor was based on the 
satisfactory operation of Lnpo and the fact that such a 
reactor due to its small sizr can produce strong neutron 
fluxes at moderate power. An operating level of one 
kilowatt was originally chosen because: (I) the cooling 
requirements were simple; (2) bubbling or frothing 
due to gas evolution from the solution decomposition 
products was not expected to be serious; (3) not much 
additional enriched material was required and; (4) 
neutron fluxes of the order of 5 X 10 10 were expected. 

The general design was influenced by that of the low 
power experiment. The principle modification con- 
sisted in eliminating the hydrostatic control and poor 
geometry storage system, a precaution which no 
longer seemed necessary after the experience gained in 
the operation of Lopo. The new design features for 
increased power operation were numerous: (1) u 
change of solution from uranyl sulphate to uranyl 
nitrate since an extraction method for the removal of 
fission products was known only for the latter at that 
time; (2) installation of additional control rods for 
greater operational flexibility; (3) introduction of a 
horizontal one-in. pipe or "glory hole" through the 
sphere to permit access to the highest neutron flux; 
(4) addition of a water cooling and an air flushing 
system; (5) construction of a gamma ray and neutron 
shield; (6) the addition of a graphite thermalizing 
column; (7) the use of a Ke-in. thick stainless steel 
sphere instead of the >^2-in. thickness used in Lopo 
to provide for the possibility of a greater corrosion 
rate when operating at higher fluxes and temperatures. 

A simplified section through Hypo is shown in Fig. 
4. The numbers in this figure point out the following 
components: (1) one-foot diameter core sphere, (2) 
thin walled stainless steel safety drip pan around 
beryllium oxide, (3) secondary solution catcher at base 
of graphite, (4) heat exchanger, (5) "glory hole" ir- 



radiation port through core, (6) removable graphite 
sections for experimental work. 

Figure 5 shows details of the sphere assembly /After 
initial operation it was found that the 157 inches long 
cooling coil shown would permit operation at 5.5 kilo- 
watts without exceeding the normal operating tem- 
perature of 85C. This was somewhat higher than 
expected and indicated that the bubbles formed during 
operation did not decrease the effective heat ex- 
changer surface area. As shown in Fig. 5, the solution 
level was maintained several centimeters below the 
top of the sphere in order to provide a space for solu- 
tion expansion and a larger surface area for the release 
of gas bubbles. Because of the explosive nature of the 
hydrogen and oxygen mixture released by radiolysis 
and the highly concentrated radioactive gases pro- 
duced in the solution, a means of diluting and flushing- 
out these gases was required. Approximately 50 cm 3 / 
sec of filtered air was admitted through the level indi- 
cator tube and discharged to a stack. 

An adjustable contact type level indicator was re- 
quired to determine the solution level. A fixed bubble 
tube served as a solution addition tube and an abso- 
lute level indicator. Initially only distilled water was 
added to replace the decomposition products; but 
after several hundred kilowatt hours of operation it 
was observed that the reactivity of the solution had 
increased considerably. Chemical analysis of the solu- 
tion indicated a 30 per cent deficit in the original 
nitrogen content. The uranyl nitrate was apparently 
gradually being converted into basic nitrate and the 
free nitrate carried off in the flushing air. At this 
time it seemed desirable to remove the large drain 
tube shown in Fig. 4 and replace it with a small tube 
running to the top of the reactor. A rapid dump tube 
did not seem necessary. The removal of this pipe 
eliminated a possible trap for precipitation products 
and the new ^-in. od. tube made it possible to make 
additions to the solution during reactor operation. 
These were made about every 35 kw-hr of operation 
in the ratio of water to acid of 1.4:1. About 6 cm 8 of 
water plus acid were required per kw-hr of operation. 

The reactivity was controlled by 3 vertical cadmium 
rods. Two of these had continuous selsyn position 
control and one had only an in or out position. These 
rods are outside and tangential to the sphere surface 
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CONTROL HOUSE 
SUPERSTRUCTURE 



HOISTING FRAME 
FOR Cd CURTAIN 




CADMIUM SHEET 



Figure 4. Hypo 



as shown in Fig. 4. Cadmium sheet 3 in. wide by 30 
in. long is contained in the lower portion by an alumi- 
num frame. An automatic control unit attached to one 
of the rods was used to eliminate small drifts in neu- 
tron intensity due to convection and currents and 
bubble formation* in the core. 

Approach to critical was done in a manner similar 
to that used in Lopo. Since rather good estimates of 
the critical mass could be made beforehand, a con- 
siderable amount of U 235 could be added initially. The 
solution composition for Hypo is shown in Table III. 
The critical mass was found to be 808 grams of U 23B . 
The normal operating mass was 870 grams U 236 . This 
additional material was required in order to have 
sufficient A& to override the negative temperature 
coefficient of 2.6 X 10~ 4 Afc/fc per C and have some 
excess k for experimental purposes. The absolute 
calibration of the reactor was determined to be ap- 
proximately 2 X 10~ 4 Afc/ per C. 

The thermal flux at the center of the "glory hole" 
was measured with small calibrated Mn foils. It was 
found to be 5 X 10 10 neutrons/cm 2 /sec/kw. 

The radioactive fission-product gases produced in 
Hypo were blown by a stream of air through a long 
tube whose axis was a negatively charged wire. The 
various gases deposited their solid radioactive 
daughters upon the wire in a manner proportional lo 
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Table III. Hypo Solution Composition 



Element 



Grams 



Moles 



barns per 
atom 



869.6 
5341 

731 

13,780 
1312 



3.7 
22.44 
52.2 
860 
1302 



640 
12. 



1.75 

0.0009 

0.31 



U 2 " 

N 

O 

II 

Stainless steel sphere and 

cooling coil 3000 55 

U0 2 (N0 3 ) 2 -6H 8 + H 2 - 13.65 liters 

Density = 1.615 

U m concentration 14.5% 



their half-lives. By cutting the wire into sections and 
analyzing each one for several fission products the 
fraction of the fission product chains swept out of the 
water boiler during normal operation was determined. 
These values are shown in Table IV. 

C. High Flux Water Boiler, Supo, Los Alamos, 
1950-1955 

This model of the water boiler resulted from rather 
extensive changes in the Hypo model. Higher neutron 
fluxes were desirable as well as more research facilities. 

The modifications were made in two parts. The 
first phase, begun in April, 1949 and completed in 
February, 1950, improved the experimental facilities 
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Table IV. Estimated Fractions of Fission-Product Chains Swept Out of Water Boiler 
During Normal Operation 






Per cent swept out 




Mass 


Fission 


Important solid >75 % SO- 25- JO- 1- 


</% </% 


no. 


gas 


members of chain 75 % 50 % 25 % 10 % 




83 


1.9hrKr 


X 




85 


4.6hrKr 


X 






10 yr Kr 


X 




87 


75 min Kr 


6.3X 10'yr Rb x 




88 


3hrKr 


17.5 min Rb x 




89 


2.6 min Kr 


15 min Rb 








55 d Sr xx 




90 


33 sec Kr 


30 yr Sr 








60 hr Y x 


x 


91 


9 sec Kr 


9.7 hrSr 








57 d Y 


X 


(92) 


3 sec Kr 


2.7 hrSr 








3.5hr Y 


X 


(94) 


1.4 sec Kr 


20 min Y 


X 


95 


2 sec Kr 


11 hr Y 35 d Cb 








65 d Zr 


X 


97 


Kr 


17 hr Zr 








75 min Cb 


X 


133 


5.3dXe 


x 




135 


9.2hrXe 


2 X 10' yr Cs x 






10 min Xc 


2 X 10 4 yr Cs x x 




137 


3 . 4 min Xe 


35 yr Cs x x 




138 


17 min Xe 


33 min Cs x 




139 


41 sec Xe 


85 min Ba x 




140 


16 sec Xe 


12. 8d Ba 








40 hr La x x 




141 


1.7 sec Xe 


18 min Ba 28d Ce 








3.5hrLa 


X 


143 


1.3 ROC Xe 


33 hr Ce 








13. 8 d Pr 


X 


(144) 


Xc 


275d Ce 








17 min Pr 


X 


(145) 


1 sec Xe 


l.ShrCe 








4.5 hr Pr 


X 



and increased the neutron flux. The second phase, 
begun in October, 1950 and completed in March, 
1951, increased the thermal neutron irradiation 
facilities, improved the reactor operation, and re- 
moved the explosive hazard in the exhaust gases. 

The first group of alterations consisted of the 
following: 

(1) The space around the reactor was increased by 
enlarging the building so that experiments could be 
carried out on all four sides instead of on only two. 

(2) The construction of a second thermal column 
was made possible by eliminating a removable portion 
of the reactor shield. This made available a neutron 
beam and irradiation facilities on a previously 
unused face of the reactor. 

(3) The entire spherical core assembly was replaced: 
(a) Three 20-foot long, J^-in. O.D., 0.035-in. wall 

stainless steel tubes replaced the former single cooling 
coil. This increased the operating power level from 
5.5 kw to a maximum of 45 kw. A factor of three 
higher heat transfer coefficient than predicted by 
theory is believed to be primarily due to fluid agita- 
tion from radioly tic-gas-bubble evolution. 

(V) A new removable level indicator and exit gas 
unit was installed in the sphere stack tube. The stack 



tube itself was made more accessible for future 
modifications. 

(c) External joints were not welded, but unions 
or flare fittings were used to simplify the removal of 
the sphere or permit pipe replacements. 

(d) An additional experimental hole was run com- 
pletely through the reactor tangent to the sphere. 
This IJ'jVin. id tube supplements the 1-in. id "glory 
hole" running through the sphere. 

(4) The beryllium portion of the reflector was 
replaced by graphite. The all-graphite reflector 
gives a more rapid and complete shutdown of the 
reactor and eliminates the variable starting source 
produced by the (%w) reaction on beryllium. A 200 
millicurie KaBe source placed in the reflector is 
used as a start-up neutron source. 

(5) Two additional vertical control rods were 
added which move into the sphere volume in re- 
entrant thimbles. These consist of about 120 grams 
of sintered B 10 in the form of 9l6-in. rods about 
18 inches long. These rods gave the additional control 
required by the change to an all-graphite reflector. 
Previously observed shadow effects were eliminated 
by the internal position of the rods and by the location 

- of the control chambers under the reactor. 
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Table V. Effectiveness of Control Rod Materials* 



Material 



Comments 



Crams /" equiv. 



Kst. 



Cadmium 0.015-in. cadmium 18 in. long wrapped on 0.595 -w39 

od brass tube with Me-"*, wall. Inside length 

tube 17% in. Weight cadmium 71.7 gm; weight 

brass tube 183.3 gm. 
Cadmium 0.015-in. cadmium wrapped on J-in. polystyrene ^-39 

rod. 

Cd + paraflin Above brass tube filled with 46.5 grams of paraffin. ~26 
B 4 C Density of B 4 C 1 .33 weight B 4 C hand tamped 73.3 ~53 . 5 

grams. 

B 4 C -f- Cd Same cadmium sleeve as above. ^^58 

BIO 95.5% B 10 material in above brass holder 68 grams ^68 . 5 

B. 

B 10 Same as above. ~73.5 

B 10 92.5 grams B 10 tamped into brass holder as above ~78 . 5 

but 18> in. long inside. 
B 10 Sintered 95.5% B 10 plugs 0,555 in. diameter over- ^80. 2 

all length 17.9 in. B 10 density 1.73; actual weight 

B 10 116.5 grams. 
B lu + Cd Above stainless tube plated with about 0.003 mil ^82 . 2 

cadmium* 



1.3 



1.3 

.87 
1.8 

1.9 
2.3 

2.4 
2.6 

2.67 



2.74 



* These are actual rods in use. 

(6) The reactor solution was changed from 15% 
U 235 enriched uranyl nitrate to one of 88.7% enrich- 
ment. This makes possible the continued use of a 
low uranium concentration in the solution with the 
poorer all-graphite reflector. The gas evolution pro- 
duced by nitric acid decomposition is greatly reduced, 
due to the lower total nitrogen content. 

(7) The entire inner reactor shield was improved to 
permit higher power operation with a low neutron 
leakage and also to increase the neutron-to-gamma- 
ray intensity in the thermal columns. Cadmium was 
replaced by B4C + paraflin and additional steel 
shielding was added. 

Table V lists the observed effectiveness of various 
control rod materials which were tested in order to 
determine which material would be used for the 
internal rods of Supo. 

After operating the reactor with the above modifica- 
tions for about 10,000 kw-hr at a power of 30 kw 
the following (second group) alterations were made: 

(1) The original south thermal column was com- 
pletely rebuilt with improved shielding to provide 
many more irradiation facilities. 

(2) A recombination system was constructed to 
handle the "off" gases from the reactor. The use of a 
closed circulating gas system with a catalyst chamber 
of platinized alumina removed any explosive hazard 
in the exhaust gases due to the presence of hydrogen 
and oxygen. The operating characteristics of the 
reactor have been greatly improved by returning 
directly back to the reactor as water all but a very 
small fraction of the gases produced. 

(3) A shielded solution-handling system was con- 
structed to simplify the handling of routine solution 
analysis and for the removal or change of the entire 
reactor solution. 

Figures 6 and 7 are vertical cuts through the north- 
south central plane of the reactor. The reflector, 
two thermal columns and general type of shielding 



are shown. The two special transverse experimental 
holes can be seen. The location of the recombination 
system in the reactor shield is indicated. 

Figure 8 is a schematic layout of the recombiner 
system. Gas produced in the reactor, primarily 
hydrogen and oxygen, is carried by the circulating 
air in the system first through a vertical condenser 
in the sphere stack. This condenser, which occupies 
the space previously used for the level indicator, 
removes most of the water and acid vapor, as well 
as solution spray. From here the air passes through a 
stainless steel wool trap to capture fission fragments 
and entrained uranium before entering the blower. 
The blower feeds the gas into one of two interchange- 
able catalyst chambers containing platinized alumina 
pellets. Here all the hydrogen and oxygen are recom- 
bined and the gas leaving the catalyst chamber 
contains the water vapor formed. A second condenser 
reduces the temperature of the gas leaving the catalyst 
chamber to about the same temperature as that of 
the gas leaving the first condenser. Any excess pressure 
produced in the circulating system can be bled into a 
150-ft exhaust stack. The circulation rate (100' 
liters/minute) is such that the hydrogen concentra- 
tion is kept below the detonation limit at all points 
of the system. 

Figure 9 is a bottom and side view of the sphere, 
showing the internal parts. The three nesting cooling 
coils are arranged so that turns are separated by 
about 1 inch through the volume, except in the upper- 
most 5 cm where there is no solution. The re-entrant 
thimbles for the B 10 control rods can be seen. The 
location of the "glory hole" in the final assembly 
is indicated. 

Figure 10 shows the sphere assembly in position 
with the reflector partially constructed. The small 
tube out of the bottom is used for solution addition 
or removal and for routine sampling. This view is 
from the new thermal column cavity looking south. 
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Figure 6. North-south vertical section of water boiler (Sopo model) 
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Figure 7. East-west vertical section of water boiler (Supo model) 
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Figure B. Racombiner assembly (schematic) 



me bismuth pier across the south thermal column 
is in the background, and a portion of the shield for 
the north column can be seen under construction 
in the foreground. 

An exterior view of the read or is shown in Fig. 11. 
This photograph is a general view of the south face 
showing the multiple irradiation ports into the south 
thermal column. The entire control mechanism is 
in the small rectangular structure shown on top of 
the reactor. 



The peak thermal flux available in the "glory hole" 
is 3.7 X 10 l n/cm 2 /sec/kw. Figure 12 illustrates 
Hypo and Supo neutron distributions through the 
"glory hole." The curves in Fig. 13 compares the 
neutron fluxes and cadmium ratios existing in the 





Figure 9. Supo sphere details 



Figure 10. Supo core assembly 
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Figure 11. South face Sopo 

"glory hole' 1 and tangent hole. The curves in Fig. 14 
shows the thermal fluxes and cadmium ratios existing 
in the north thermal column from the sphere face 
to the outer shield. 

Nuclear plates have been used to measure the 
neutron spectra emerging from the sphere with 
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energies over 1 Mev. These can be roughly approxi- 
mated by a fission spectrum. Calculations made from 
fast beams emerging from the north thermal column 
give the following fast flux values above 1 Mev in 
units of n/cm 2 /sec/kw: (1) at the sphere surface 
6.5 X IO 10 , (2) at the bismuth column 1.5 X IO 9 and 
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(3) at a graphite face 1 ft in front of the bismuth 
column 4.4 X 10 7 . A multiple U 235 disc neutron con- 
verter when placed in the "glory hole" produces 
almost pure fission spectrum neutrons. With a 5-ft 
long, 1-in. id collimator, fast external beams of 
6 X 10 6 n/cm z /sec/kw have been obtained with such 
a source. 

The reactor can readily be started and stopped for 
short time intervals. Power levels ranging from a 
fraction of a watt to 45 kw have been used. An auto- 
matic level control operating from a neutron sensitive 
ionization chamber is used almost exclusively due 
to its convenience and ability to remove small 
fluctuations. 

For high stability operation of 0.1% or better, 
which has been required for a few precision experi- 
ments, the power level is limited to about 30 kw. 
This limitation appears to be imposed by the gas 
circulation rate in the recombination system and the 
capacity of the catalyst chamber, rather than by the 
rate of bubble formation in the solution or the cooling 
capacity of the main reactor heat exchanger. 

Power levels in excess of 35 kw increase the hydro- 
gen concentration to more than 10% in the circulating 
gas and may increase the catalyst bed temperature 
above 500C. The combination of these factors is 
believed to ignite the hydrogen and oxygen gas mix- 
ture in the catalyst chamber and produce small pres- 
sure fluctuations. These fluctuations produce power 
variations which cannot be completely compensated 
for by the automatic level control. 

Figure 15 illustrates the effect of temperature, and 
bubbles from solution decomposition, on the liquid 
level. Estimates of bubble depth are also shown. These 
measurements were made during initial operation 
with a pointer- type level indicator. 

The large net negative operating coefficient of this 
reactor is illustrated in Fig. 16 for various powers. It 
is seen that as the power level is increased, the coeffi- 
cient increases substantially up to the boiling point 
where it loses meaning. The true temperature coeffi- 
cient has been masked by an additional bubble or 
power coefficient. The effective decrease in solution 
density due to this coefficient still further increases the 
inherent stability and safety of this type of reactor 
core. 

The response of Supo to sudden reactivity changes 
has been studied to obtain information on the power 
coefficient of reactivity and to separate the effects of 
core temperature rise and decomposition gas forma- 
tion upon the reactor behavior. Reactivity was added 
to the reactor by ejecting a neutron absorber out of 
the core region, the effectiveness of the absorber 
being known as a function of time. A reactivity change 
of about 0.4% Afc was added in about 0.1 sec. The 
average life time of the prompt neutrons was deter- 
mined as about 1.7 X 10^ 4 sec, assuming an effective 
fraction of delayed neutrons equal to 0.0085. Ini- 
tially following a reactivity addition, reactivity 
decrease was due primarily to decomposition gas 
formation, at least 10% of the potential gases appear- 



To ble VI. Constants and Properties of Supo 

Max. power: 45 kw heat Max. power density: 2.8 kw/liter 

Max. thermal flux: 1.7 X 1C 1 * n/cm'/MC 

Kst. max. intermediate: 2.8 X 10" n/cm 2 /se 

Est. max. fast: 1.9 X 10" n/cm'/sec 

Uranium: 88.7% U" 5 

Critical mass: 777 gm U" B 

Operating mass: 870 gm XJ t3& 

Solution density: 1.10; pH <2 

Solution volume: 12,700 cm 8 

Pile dimensions: 

External size: IS X 15 X 11 feet high 
Core: 12-in. diameter stainless steel sphere 
Moderator: Water 12 liters 
Reflector: Graphite 55-in. cube 

Thermal columns: (1) 42 inches wide, 64 inch*i high, 68 inches 
to sphere center. (2) 60 inches wide, 64 inches high, 95 inches 
to sphere center. 
Shielding: 

8^ -in. bismuth pier in thermal columns. 
\2 in. of B 4 C -f- paraffin; 2 inches steel, 4 inches lead, 5 feet 

normal concrete. 

Typical running conditions, 25 kw power level: 
Gas circulation rate 100 1/min 

Catalyst chamber drop 2.2 in. H 2 O 

Reflux condenser drop 4.5 in. HzO 

Max syst em pressure 3.1 in. H 2 O 

Kxhaun line pressure 3.2 in. II 2 O 

Catalyst bed temperatures: 

Tnlet region 467C 

Middle region 438C 

Outlet region 369C 

Reactor solution temperature 75C 

Reflux condenser water: 

Flow 0.17 gal/min 

Temperature in 3 . 5C 

Temperature out 20C 

After condenser water: 

Temperature in 20C 

Temperature out 28C 

Air temperatures: 

Out of reflux condenser 15C 

Into catalyst chamber 45C 

Into after condenser 211C 

Into reactor sphere 33C 

Radiolytic gas production: 
Hydrogen plus oxygen: 0.44 liters/min/kw 
Nitrogen decomposition: 2.5 cm*/min/kw 

ing as such within 0.2 sec. The decrease in reactivity 
corresponding to gas formation was initially always 
about 5 times the decrease attributable to core tem- 
perature rise. It therefore appears that gas formation 
has a very influential effect upon the safety aspects of 
water boiler type reactors. As the gas bubbles left the 
core region, reactivity decrease due to core tempera- 
ture rise increased in relative importance. 

The compilation in Table VI summarizes some of 
the constants and properties of Supo: 

D. One-Watt Solution Type Reactor, North American 
Aviation 1952-1955 

This water boiler type reactor has been constructed 
by North American Aviation Inc. It is designated as 
WBNS (Water Boiler Neutron Source) and operates 
at a one-watt power level with a maximum thermal 
flux of 4 X 10 7 neutrons/cm 2 /sec. It uses an enriched 
uranyl nitrate solution encased in a cylinder of 
graphite 5 ft in diameter and 5 ft high. 
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E. A 500-Watt Solution Type Reactor, North American 

Aviation 1953-1955 

This reactor has been built by N.A.A. for Livermore 
Research Laboratory in California. The general design 
is similar to the one-watt unit except that it uses an 
enriched uranyl sulphate solution and has a com- 
pletely closed cycle sweep gas and recombination 
system. The maximum thermal flux is 2 X 10 10 
neutrons/cm 2 /sec. 

The above two reactors have been described in 
detail in a report entitled Solution Type Research 
Reactors, which is a part of the Information Package 
for the International Conference at Geneva, and will 
therefore not be described any further, 

F. A 10- Kilowatt Research Water Boiler, North 

Carolina State College 1953-1955 

This reactor is notable in being the first such device 
not to be owned and operated by a national govern- 
ment. The purpose of the reactor was not to make 
many original contributions to reactor technology. 
Rather, the construction was aimed at providing as 
simply and quickly as possible a safe flexible nuclear 
reactor with the maximum adaptability to instruc- 
tional and research purposes. Although the general 
designs of numerous components have been borrowed 
from the successful Los Alamos Supo model water 
boiler, this reactor has some different features. 

The reactor core is placed below ground level in the 
center of a 57-ft diameter room. This room, in turn, 
is in the center of the building. On three sides are 
laboratories for instruction and research. On the 
fourth is an observation room and the control room. 
A cylindrical core using a uranyl sulfate solution 
enriched to about 90% with U 236 is used. The cylinder 
is made of stainless steel (347 type 18-8) with an 
inner diameter of 10^ in. and 11 in. height; the wall 
thickness is y\ 6 in. Four internal hairpin type cooling 
coils, shown in Fig. 18, are used to dissipate the heat 
developed in the core. Fourteen liters of solution fill 
the core to a height of 9.9 in. A volume of 0.9 liters is 
left above the solution to allow for frothing and solu- 
tion expansion. About 848 grams of U 23B are required 
for normal operation. The core is surrounded by a 
graphite reflector in the form of a five-ft cube. 




The shield consists of four to six inches of lead 
around the graphite followed by heavy barite type 
concrete. The outer shield is in the form of an octagon 
about 17 ft in diameter and 12 ft high. Numerous 
exposure facilities exist, including a thermal column, 
a central vertical re-entrant thimble extending into the 
core, and access ports from all eight faces of the octag- 
onal shield (see Fig. 17). 

A recombination unit similar to that in Supo is used. 
No decomposition products other than hydrogen, oxy- 
gen and fission product gases are produced. Since 
some air is bled into the system, however, a small 
amount of gas is discharged after a time delay to the 
atmosphere by means of a stack. Control of reactivity 
is maintained by four vertical rods. Two of these are 
internal and made of boron. Two are tangential cad- 
mium strips. 

Figure 19 shows Dr. Beck explaining the operation 
of the control console to two students. 

During the first ten months of operation the reactor 
was operated at 100 watts or less. Effort during this 
period was devoted to the determination of the reactor 
characteristics, calibration of instruments and auxi- 
liary apparatus, and the development of satisfactory 
operating and experimental procedures. 

When the reactor was first run at about 400 watts 
for one hour with widely varying core temperatures, a 
decrease in reactivity was observed. This loss first ap- 
peared when the temperature of the fuel had been 
lowered to 11C. The total loss of reactivity amounted 
to 40 grams U 236 equivalent. 

The loss of reactivity was established to be due to 
a partial precipitation of uranium, the pH of the 
solute having changed from the normal 2.3 to 1.3. 
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The precipitate was dissolved in 7 days by the addi- 
tion of cupric sulfate and ferrous sulfate to the solution 
along with temperature cycling and bubbling to assist 
stirring. 

The equilibrium operating conditions at tempera- 
ture are normally such that the hydrogen peroxide 
concentration reaches an equilibrium value due to the 
presence of the fission product radiations and does not 
continue to build up. When, however, the reactor is 
shut off and the temperature is dropped, one can get 
an excess of hydrogen peroxide which reacts with the 
uranyl ion producing UO4 as a precipitate. After 
operating at 10 kilowatts and 80C for example one 
cannot cool the solution much below 40C without 
having a precipitate form. The addition of CuSC>4 and 
FeSC>4 catalyzes the decomposition of hydrogen 
peroxide. 

III. WATER BOILER DESIGN PROPOSALS 

A. 50 Kilowatt Medical Reactor, North 
American Aviation Inc. 

A homogeneous, water solution type nuclear reactor 
has been designed to provide radiations for medical 
research and experimental therapy. 

The enriched uranyl sulphate fuel-moderator 
solution is contained in a spherical core tank, sur- 
rounded by a graphite reflector and a dense-concrete 
shield. The reactor is cooled by recirculated chilled 
water. Stainless steel is used to fabricate all reactor 
components which come in contact with the fuel 
solution or reactor atmosphere. Radiolytic and 
fission gases produced during reactor operation are 
handled in a closed-cycle system. No discharge of 



radioactive effluents are required during operation. 

Section views of the proposed reactor are shown 
in Figs. 20 and 21. Neutron and gamma radiation 
tubes, isotope production tubes, a fission-gas gamma 
radiation source, and two thermal columns comprise 
the experimental facilities. The columns contain 
flexible arrangements for providing large cross- 
section, intense beams of gamma rays, thermal 
neutrons, and fast neutrons, either singly or together. 
Tables VII and VIII give the calculated radiation 
intensities expected. 

Figure 22 is a schematic diagram of the proposed 
gas circulation and recombination system. It differs 
from the Supo design in that the main gas stream 
does not sweep the reactor core region and the gas 
is pumped by means of water injection. 

A similar core design proposal for a general type 
research reactor with different radiation facilities 
will be constructed by North American Aviation 
Inc. for the Armour Research Institute of Chicago, 
in the fall of 1955. 

B. Supo Model II, Los Alamos 

A study of the operating characteristics of Supo 
Model I has indicated that with some design modifica- 
tions substantially higher fluxes could be made 
available. 

Only such changes have been considered in this 
design which are known to improve the performance 
either due to direct experimentation or from extra- 
polation of known data. 

The gas disposal by means of a tall exhaust stack 
as used in Supo offers some difficulties in highly 
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Figurant 9. NCSC reactor console 
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Figure 18. NCSC reactor core 



Figure 20. NAA medical reactor, top view 

populated locations. This problem can be^ eliminated 
either by the recombination of the nitrogen by well 
known nitrogen fixation methods or using a uranyl 
sulphate solution as is in use at North Carolina State. 
The present flux limitations of Supo are due to 
(1) the gas circulation rate in the recombination 
system, (2) the capacity of the catalyst chamber, 
(3) the capacity of the heat exchanger, and (4) the 
effectiveness of the shielding. These restrictions can 



Table VII. Calculated Radiation Intensities Available at the Shield Face of the 

Thermal Neutron Facility 





Thermal neutron 


Thermal neutron 


Fast neutron 


Fast neutron 


Gamma ray 
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intensity 
rep/min /kw 


flux 
n/cm*/sfc/kw 


intensity 
rtp/min/kvf 


flux 
n/cm*/sec/kw 


intensity 
rep/min/kw 


Patient therapy 












Direct beam 


3 2 


3.8 X 10* 


0.6 


1.3X 10" 


0.1 


Penumbra 







0.03 


6.5 X 10 


3 X 10- 


Shadow 







7 X 10-* 


l.SX 10* 


3 X 10-' 


Animal research 


1.2 


1 4 X 10' 


0.009 


2 X 10 
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Table VIII. Calculated Radiation Intensities Available from the Gamma and Fast 
Neutron Facility at a Distance Eight Feet from the Reactor Core Center 



Use 


Description <tf 
facility 


Gamma ray 
intensity 
rep/min kw 


Fast neutron 
intensity 
rep/min kw 


Fast neutron 
flux 
n/cm*/sec/kw 


Patient therapy 
Animal research 
Animal research 


21 inches water no lead 
33 inches water no lead 
8 inches lead 


1.3 
0.50 
0.002 


0.086 
0.0036 
10 


1.9X 10* 
8X 10 s 
2.2 X 10 
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Figure 21. NAA medical reactor, side view 
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easily be removed by increasing the size and capacity 
of the necessary components. 

Instabilities and reactivity loss due to bubble 
formation probably present the real Jlux limitations. 
Extreme bubble formation was produced in Supo 
by permitting the solution to boil with no water 
flow through the main heal exchanger. With the 
reactor producing 5 kw of steam in the reflux con- 
denser of the recombination system (Fig. 8) the 
inherent reactor power fluctuations were found to be 
5%. These operating conditions correspond to a 
release of 290 liters of vapor per minute as compared 
to 13 liters per minute of radiolytic gas at a normal 
30-kilowatt operating level. 

Figure 23 compares power coefficients for normal 
operation with appreciable radiolytic gas production 
to the 5-kilowatt boiling condition when most of the 
gas is water vapor. An extrapolation of the radiolytic 
gas production curve makes it appear feasible to 




run water boiler type reactors at substantially 
higher power densities. 

Figure 24 is a schematic sketch of a proposed 
Supo type research reactor which incorporates 
improvements in the overall shield geometry and 
port facilities. 

The spherical geomet ry used on Los Alamos Water 
Boilers was originally based on the desire to minimize 
the active material required for critical experiments. 
When power operation was begun, the upper half 
of the sphere was no longer completely filled with 
solution in order to provide appreciable surface area 
for the escape of gas bubbles. A cylindrical rather 
than a spherical shape has numerous advantages for 
the upper portion of the reactor vessel. (1) The free 
solution surface can be increased, which provides a 
more favorable geometry for the escaped bubbles. 
(2) The circulating gas can be vented more efficiently 
at lower velocities, which reduces entrained liquid 
in the gas stream. (3) Excess volume for emergency 
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Figure 22. NAA wet gas handling system 
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expansion can be easily supplied above the solution. 
(4) Neutron shielding and vertical access facilities 
can be more easily provided. Figure 25 shows a Supo 
type reactor design which incorporates these features. 

Both the reflux and after condenser of the recom- 
bination system are included in the reactor vessel 
shell. The solution-gas interface of Supo I is 410 cm a 
when at full operating temperature of 88C; this area 
has decreased to 245 cm 2 when operating at 30 kw. 
The cylindrical geometry of Supo II has three times 
this area which does not decrease for an increase in 
power. 

The total heat exchanger surface area has been 
increased by about a factor of seven over that in 
Supo I. Cooling the wall of the reactor vessel con- 
tributes about 25% to this area increase and prevents 
the heating of the reflector by conduction now 
observed. 

Effort has been made to prevent entrainment of 
solution spray into the gas circulating system. Karly 
experience on Supo, before the recombination system 
was installed, has shown that adequate washback 
features are essential or uranium can be lost by raking 
onto available surfaces. The present design of Supo I 
where continuous washdown by condensation occurs 
in the reflux condenser has been found entirely satis- 
factory for the gas flows used. The design of Fig. 25 
is believed to offer a better geometry even with the 
factor of 20 increase in the gas circulation rate. The 
neutron shielding above the reactor is supplied by 
part of the cooling water system and the entire 
reactor assembly can be easily removed from the top. 

Since the recombination system shown in Fig. 8 
was the first use of a catalyst chamber for recombining 
gases from a homogeneous reactor, numerous features 
were provided to determine the operation behavior 
and causes of failure if failure should occur. With the 
experience gained from the operation of this sys- 
tem, one can now make some simplifications with 
confidence. 

Figure 26 is a schematic layout of a simplified 
recombination system which lias more than ten 
times the capacity of the old system. The changes 
and essential features are: (1) the spare catalyst 
chamber is not necessary and actually has been 
removed from Supo I; (2) pressure coupling tubes 5 
through 14 (Fig. 8) are not essential; (3) the external 
condenser can be included in the reactor; (4) the 
liquid trap can be removed or combined with a 
sampling tube if the nitrogen is recombined or a 
solution such as uranyl sulfate is used which pro- 
duces no excess gas; (5) a single bubble tube for 
occasional level checking or gas sampling is desirable; 
(6) some means for measuring the flow rate of the 
circulating gas is advantageous in order to be able 
to shut the reactor off before high hydrogen con- 
centrations have accumulated in case of stoppage 
in the gas circulation; (7) a blower with an all- 
welded case using a canned-rotor motor is known to 
give completely trouble-free service for the life of the 
bearings used. High grade ball bearings should last 




Figure 24. Schematic, Supo II 

for several years of continuous operation and it is quite 
simple to design the bearings for easy replacement. 

Operation of Supo I has shown that the following 
features are desirable in a catalyst chamber; (1) the 
chamber should be designed to prevent the catalyst 
bed temperature from exceeding 500C during full 
power operation to prevent possible ignition of the 
gas; (2) an explosion trap on the inlet side of the 
unit is desirable to prevent flashback or burning at 
any point outside of the catalyst bed if the hydrogen 
concentration increased due to an accident ; (3) cooling 
facilities on the chamber surface should be provided 
to avoid heating the surrounding shield. 

Figure 27 illustrates a possible design for a catalyst 
chamber which incorporates these features. This unit 
has a gas handling capacity 20 times greater than 
that used on Supo I. The re-entrant thimbles shown 
are thermocouple wells. A shift in the hot zone from 
the outside towards the center gives an indication 
of a loss in catalytic activity. No such shift has yet 
been observed in the Supo 1 system. 

The entire recombination system becomes a very 
strong gamma ray source due to fission deposition 
on the walls of the components and from the cir- 
culating gas itself. The gas circulating in Supo I for 
example, had a gamma activity of 2000 curies/liter. 
A very high gamma ray to neutron ratio can be 
made available for irradiation purposes by supplying 
irradiation facilities which "see" a portion of the 
recombination system. 

C. Test Tube Reactor, Los Alamos 

This reactor design is a more radical modification 
of the water boiler type reactor than that given above. 
A schematic drawing of the reactor proposal is shown 
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in Fig. 28. The primary new features are the removal 
of the cooling coils out of the core region and the 
recombination of radiolytic gas within the reactor 
vessel in the presence of a catalyst. These gases are 
circulated over the catalyst by means of convection 
currents induced by the heat of recombination and 
by the condensation of steam. The uranyl sulphate 
solution moves by natural convection up a hot central 
tube and returns through a surrounding annulus con- 
taining layers of cooling coils. 

It is proposed that the reactor be operated with all 
air removed. The absence of air will increase the 
efficiency of the condensing surfaces and the high 
water content will raise the explosive limit of the 
oxygen-hydrogen mixtures. 

The catalyst pellets are supported between two 
layers of stainless steel screen and the assembly is 
suspended vertically in a convection chimney. 

The main advantages which this system seems to 
offer are the elimination of an external gas circulator, 
the higher flux to power ratio, and the possibility of 
greater heat exchanger surface area. 

Possible disadvantages are the existence of explosive 
mixtures in the reactor vessel and the difficulty of 
providing a satisfactory entrainment trap which will 
permit adequate convection currents. Entrainment of 
solution can produce a loss of uranium from the core 
region and a deactivation of the catalyst bed. 

IV. CONCLUDING REMARKS 

Long period reliable operation of water boilers has 
shown that they are an excellent general purpose re- 
search tool where strong intensities of neutrons and 
gamma rays are required. 

Some advantages of this type of reactor over others 
are probably: (1) inherent safety due to the large 
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Figure 26. Schematic gat tytteim (1) spray condenser; (2) steel wool 

entrapment trap; (3) flow meter; (4) centrifugal pump; (5) catalyst 

chamber; (6) sampling tubes; (7) reflux condenser; and (8) solution 

baffle 

negative temperature and power reactivity coeffi- 
cients; (2) small size along with low power and ura- 
nium requirements for comparable fluxes; (3) no 
replacement of burned out fuel elements; (4) low 
cost and simplicity of design core; (5) ease of rapid 
shut downs and start ups; and (6) automatic removal 
of fission gases from core. 

The chief disadvantage is the flux limitation. 
Even with the new designs mentioned above, stable 
operation with fluxes much in excess of 10 13 neu- 
trons/cm 2 /sec are not likely. Most types of experi- 
ments can, however, be adequately carried out with 
such fluxes. 

The main difference in the new water boiler designs 
described is the method of handling the radiolytic gas. 
The Supo system of Fig. 8 has been proven to be 
satisfactory, whether the wet gas system shown in 
Fig. 22 or the internal recombincr of Fig. 28 are 
satisfactory can only be demonstrated by actual test. 
These tests must be made under high flux reactor 
operation since the problems to be answered are: (1) 
whether with high density bubble formation there is 
any effect on the catalyst or any loss of uranium from 
entrainment and (2) whether the explosive gas mixture 



in the reactor core affects the operation or safety of 
the reactor. 

Water boiler designs for pressurized high tempera- 
ture operation have not been considered here. These 
may offer some advantages by reducing the bubble 
formation and permitting internal recombinations by 
the back reaction between hydrogen and oxygen. The 
use of heavy water as a moderator also has some 
advantages but no such unit has yet been constructed. 
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The Experimental Nuclear Reactor with Ordinary Water and 
Enriched Uranium 

By Y. G. Nikolaev,* USSR 



The purpose of this report is to give a description of 
a thermal- neutron research reactor. Light water is 
used for moderating, heat-exchanging and as reflector 
material. The fuel elements contain 10% enriched 
uranium. 

The reactor serves for the study of the passage of 
neutrons and -y-rays through shielding materials, for 
radioactive isotopes production and for various in- 
vestigations in physics. 

The following basic results obtained in experiments 
with a zero energy version of the reactor and with the 
reactor itself during its initial operation will be pre- 
sented: the critical mass dependence on the lattice 
spacing, the thermal and resonance neutron density 
distributions in the active core and in the reflector, the 
thermal neutron density distribution within a lattice 
cell, the effect of temperature and the reactivity 
effect of the control rods. 

The reactor active core is of quasi-cylindrical form. 
Its diameter and height are, respectively, ^-40 and 
50 cm. 

The reactor fuel loading expressed in U 235 amounts 
to ~3.5 kg. 

The reactor is designed with the object to make 
possible the production of neutrons and 7-ray beams 
sufficiently intense to carry out the above mentioned 
experiments at relatively low power levels (of the 
order of several hundred kw). 

DESCRIPTION OF THE REACTOR CONSTRUCTION 

In Figs. 1-10 drawings and photographs of the reac- 
tor and some of its parts are presented. 

The central part of the reactor structure is a 
water-filled aluminium tank with a 500 mm diameter 
tube welded to its bottom. The active core of the 
reactor is located inside this tube. To facilitate reactor 
fuel loading and unloading operations, the core is 
subdivided into 32 units. Of these, 24 contain 16 fuel 
elements each; the remaining 8 units each contain 15 
fuel elements; in addition, these units contain tubes 
in which control and safety rods are placed. 

The units are fixed at the top and bottom of the 
active core by means of guide grids. 

Aluminium and aluminium alloys are used as struc- 
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lural materials in the active core and for canning the 
fuel elements. 

The fuel elements, which arc in the form of cylinders 
of ( ) mm outer diameter and 500 mm active height, are 
arranged vertically and form a square lattice of 
^-18 mm spacing. 

The tubes containing control ami safely rods rise 
above the water level in the aluminium tank and arc 
fastened to the tank top) cover. On the same cover 
plate are also mounted the guides for the wires and 
the electro -magnets of the safety rods. In the side 
relleclor are six tubes containing ionization chambers. 

In order to prevent a loss of intensity of the neutron 
beam, there is no water reflector in the beam exit 
region. 

The reactor radiation shielding is composed of cast- 
iron and water. The arrangement of the different 
shielding layers is shown in Figs. 7 and 9. 

During the loading, unloading of repair operations 
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Figure 1. Front view of the reactor building 
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Figure 2. North view of the reactor 

in the active core, protection against the residual 
radiation is provided by an approximately 3.5 m thick 
layer of water above the active core. 

In the direction of the neutron and 7-ray beam 
which is let out from the active core (the northern 
direction) a part of the stationary lateral shielding 
has been removed. 

In the resulting opening, extending inward to the 
reactor active core, shielding plugs can be placed. A 
shielding plug is mounted in a steel box mounted on a 
movable truck. The truck can be moved on rails with 
the help of a winch. When the box is moved away, 
protection against the radiation of the shut-down 
reactor is provided by two cast iron plates which are 
let down. Such an arrangement makes it possible to 
test the shielding properties of materials, to irradiate 




Figure 4. The phosphorescence of the core at 10 kw power level (photo- 
graphed through a water-layer) 

considerable amounts of substances in the immediate 
vicinity of the reactor active core and also to lei out 
narrow beams of neutrons and 7-rays. 

Several holes are provided in the top shielding above 
the experimental box through which detectors con- 
nected to various control instruments are introduced. 

On the southern side of the reactor there is a special 
adjoining basement in which the centrifugal pumps of 
the closed circulation circuit and the heat-exchanger 
are located. The basement is covered with a floor 
consisting of bitumen-filled tanks and cast-iron plates 
which serve as a protection against the radioactivity 
of the circulation circuit water. The controls of the 
circulation circuit valves protrude out of the shielding. 

On the eastern side of the reactor, storage sur- 
rounded by concrete shielding is provided for units 
unloaded from the core. 




Figure 3. South view of the reactor 



Figure 5. The reactor pump system 
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Figure 6. Th reactor control panel 

On the western side of the reactor there are special 
balconies on which the motor drives of the control and 
safety rods are mounted. 

Figure 11 shows the flow diagram of the reactor 
installation. The heat developed in the core is taken 
over by the water circulating in a closed primary cir- 
cuit and transferred in the heat exchanger to the con- 
tinuously flowing water of the secondary circuit. 
(The circulation of water is indicated by arrows in 
Fig. 11.) 

A part of the water flow from the circulation pumps 
head collector goes to the deaerator, where explosive 
mixture produced during the water passage through 
the core is removed. 

The tightness of the fuel element cannings is moni- 
tored by measuring activity of the water in the circu- 
lation circuit. The damaged element can be located by 
checking the activity of water taken at the outlet of 



each unit. No case of fuel element damage occurred 
during the whole period of the reactor operation. 

Listed below are the main operating characteristics 
of the reactor at a power level of 300 kw: 

1. Rate of water flow through the active core: 
240 m 8 /hour. 

2. Rate of water flow in the deaerator circuit: 
20 m 8 /hour. 

3. Rate of water flow in the secondary circuit: up 
to 50 m 3 /hour in summer time. 

4. Water temperature before entering the core: 
30C. 

5. Water temperature rise in the reactor core: 
~1C. 

6. Temperature of the outer surface of a fuel ele- 
ment: not more than 70C. 

The design of the ventilation system completely 
excludes any possibility of radioactive gases or 
vapours penetrating to working rooms. All air spaces 
adjacent to the reactor central structure in which air 
can be either activated or contaminated with radio- 
active gases or vapours are under suction and well 
ventilated. Air contaminated with radioactive gases or 
vapours is exhausted through a ventilation stack. 

A special reactor sewer has been provided, made in 
such a way that all water containing radioactive con- 
taminations is discharged into two buried decay-tanks. 
The amounts of radioactivity contaminated water 
discharged are very small. The discharging takes place 
periodically. 

The reactor is equipped with control instruments 
permitting control of all parameters important for the 
reactor operation. Besides that, the temperature 
operation conditions of motors and stuffing-boxes of 




Figure 7. Section of the reactor 
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Figure 9. Horizontal section of the reactor 

the circulation pumps are monitored by resistance 
thermometers; very simple indicators make possible 
the detection of leakage occurrence in any part of the 
circulation circuit. Dose-meters permit to check the 
radiation safety of the working rooms and to monitor 
the activity of the air exhausted through the ventila- 
tion stack and the activity of the water continuously 
flowing in the secondary circuit to detect leakage in 
the heat-exchanger tubes. 

Six ionization chambers are provided for measuring 
reactor power level. Two of them, called "start-up" 
chambers are filled with gaseous BF 3 and are used 
during the reactor start-up and low power level 
operation. The remaining "work" chambers have a 
layer of solid boron carbide on their electrodes and are 
used during reactor operation at high power levels. 

Pile control is accomplished by means of 4 control 



Figure 10. Fuel element 

rods, three of which are made of boron carbide and 
one of steel. The steel rod is used as the regulating 
element operated by the automatic system for main- 
taining a pre-set power level. The system includes an 
ionization chamber, a galvanometer, a potentiometer- 
type control for setting the power level, an electronic 
and a servo-amplifier, a control rod motor drive 
and the control rod itself. The ionization chamber 
current passes in series through the galvanometer 
and the power level control. When a deviation of the 
power level from the set value in either sense occurs, a 
positive or negative signal appears accordingly at 
the output of the power level control device. This 
signal is amplified successively by the electronic and 
servo amplifiers up to an amplitude sufficient for the 
operation of the control-rod motor drive. 

To ensure reactor safety, three rods of boron 
carbide are used. During reactor operation the safety 
rods are raised and clutched to electromagnets. On 
the arrival of the emergency signal the magnets arc 
de-energized and the safety rods fall freely into the 
core. The time interval between the arrival of the 
emergency signal and the completion of the safety 
rods plunge is ~0.5 sec. 

The emergency system is triggered automatically 
in the following cases: 

1. The pre-set power level is exceeded by 20%. 

2. The start-up velocity is intolerably high. 

3. The water flow in the primary circuit drops. 

4. The current is cut. off in the circulation pumps 
motors. 

Subcritical operation is used for maintaining very 
low power levels, necessary for instance when measure- 
ments in the first layers of an experimental shielding 







Figure 1 1. Flow diagram of the reactor 
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Figure 12. Dependence of the critical fuel loading on the lattice spacing 

are done. During this operation a photoneutron 
source is introduced into the core. 

Unloading of units from the reactor and their 
transportation to the storage is accomplished with 
the aid of a special lead container. 

REACTOR MAIN PHYSICAL PARAMETERS 

The study of the physical parameters of the reactor 
was carried out during its design, construction and 
initial operation. 

At first all the principal parameters (critical 
uranium loading, effect of control rods, etc.) were 
computed by the multi-group method. However, the 
experience in theoretical analysis of enriched-uranium, 
light-water, reactors, available by that time, indicated 
that calculations based on the multi-group method 
might in the present case lead to errors of the order 
of 30% in the critical mass and control rod effect 
values. To increase the precision of the computed 
values, detailed experiments were carried out with a 
zero energy model. In these experiments actual fuel 
elements were used. 

Plotted in Fig. 12 is the experimental dependence 
of the critical uranium loading (expressed in U 235 
isotope) on lattice spacing obtained in experiments 
with the reactor model. 

As seen from Fig. 12, the minimum critical uranium 
loading (2.6 kg) corresponding to the chosen fuel 

-Alt'W* 




element design is achieved when the lattice spacing 
is 18 mm. This value of the lattice spacing was adopted 
for the reactor. The curve in Fig. 12 is valid when 
there are no structural materials in the core and in the 
reflector; the thickness of the water reflector is >15 
cm and the form of the active core approaches a 
round cylinder. 

The introduction of structural materials into the 
core, the removal of a part of the side reflector and 
some deviations from the optimum form of the core 
have lead to an increase of the minimum critical 
uranium loading up to ~3.2 kg. In practice the 
uranium loading is ~3.5 kg. Consequently the mean 
thermal neutron flux in the reactor core 3 for in- 
stance ~2 X 10 12 neutrons/cm 2 / sec at 3uO-kw power 
level. 

The difference between the minimum and the 
actual uranium loading arises from the necessity of 
compensating for th.' changes in reactivity occurring 
during reactor operation. 

As called for by the reactor design, the U 235 deple- 
tion and the samarium poisoning are compensated 
in the course of reactor operation by adding appro- 
priate numbers of fuel elements. The reactivity 
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Figure 13. Variation of reactivity with change of water temperature 
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Figure 1 4. Reactivity compensated by an iron rod 

excess is needed only for overcoming the temperature 
effect, the xenon poisoning and the change in reac- 
tivity due to experiments. 

The change in the reactivity as function of the 
water temperature in the core is shown in Fig. 13. 
Under operating conditions the water temperature 
in the core may fluctuate between 20 and 30C; cor- 
respondingly the compensation of the temperature 
effect requires an excess in reactivity of A& ~ 0.001. 

The reactivity loss due to xenon poisoning in the 
reactor, as a rule, does not exceed the value Ak ~ 
0.02. The possible change in reactivity due to the 
carrying out of experiments is less than A& ~ 0.01. 

To compensate the above-mentioned reactivity 
changes a reactivity excess A ~ 0.03 is available. 
The four control rods compensate together a reac- 
tivity excess Afc ~ 0.04. Figure 14 shows how the 
reactivity compensated by the iron rod depends on 
the depth the rod penetrates into the core. Together 
the three safety rods can compensate Afc ~ 0.04. 

Figure 15 gives the macroscopic thermal and 
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Figure 15. Thermal and resonance neutron distributions along the core 

radius: (1) thermal neutrons; (2) resonance neutron*; and (3) core 

boundary 

resonance neutron density distribution along the 
radius of the core. The neutron density was measured 
by the activation method. As activation materials, 
copper was used for thermal neutrons, and indium, 
for resonance neutrons. 

Figure 15 shows also the cadmium ratio for the 
Cu 68 isotope measured in different points of the core 
and reflector. It is seen from Fig. 15 that the fraction 
of the epithermal region neutron captured by an 
absorber whose absorption cross-section obeys the 
\/v law amounts to ^5%. Because of this, epi- 
thermal neutron induced fission can be in the first 
approximation neglected in calculations of the mul- 
tiplication factor. Figure 16 represents the variation 
of the neutron density within a lattice cell as measured 
by the activation method. 

The computed value of the multiplication factor in 
the lattice is k^ = 1.56. 

It was assumed in the multiplication factor cal- 
culations, that the thermal neutrons in the core have 
a Maxwell spectrum with the neutron gas temperature 
exceeding that of the core by ^100C. The computed 
value of the thermal utilization factor is 6 = 0.81. 

The above-mentioned value of the neutron gas 
temperature in the core was obtained by comparison 
of neutron absorption in cadmium and boron. These 
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Figure 16. Thermal neutron distribution within a lattice cell: (1) fuel ele- 
ment boundary; and (2) effective cell radius 



substances were mounted in an air space in the center 
of the active core. Small deviations in the form of the 
neutron distributions from the Maxwell law affect 
but slightly the results of the calculation so they 
were not investigated. 

In a special series of experiments the fission-neutron 
age in a medium corresponding to the reactor core 
was measured. For the chosen lattice spacing and 
with the principal structural materials introduced, 
T = 40 cm 2 . 

The calculated value of the thermal neutron dif- 
fusion length in the core is L ~ 1.5 cm. The unim- 
portance of the value L 1 as compared with the age 
(r/L 2 26) which is characteristic of all light-water 
reactors results in a very "hard" energy distribution 
of the neutrons leaving the core (in contrast to the 
case of graphite and heavy- water thermal reactors). 

Tn the study of reactor shielding materials and in 
many neutron physics experiments the main interest 
lies precisely in the fast neutrons. This consideration 
was taken into account when the reactor was designed. 

The reactor radiation shielding reduces the neutron 
and 7-ray flux leaving the core down to a value 
<0.01 of the tolerance dose. 



A 2 000- Kilowatt Thermal Power Nuclear Reactor for 
Research Purposes 

By Y. G. Nikolaev, USSR 



The project described in this paper is that of a 
thermal nuclear reactor designed for experimental 
purposes, and to be used in a wide variety of research 
in nuclear physics, radiochemistry and biology. 

The neutrons are moderated by ordinary water, 
which is used as a coolant at the same time. Uranium 
enriched up lo 10% is used as fissionable material. 

For experimental work in the field of nuclear 
physics, radiochemistry and biology and for the pro- 
duction of radioactive isotopes, the reactor is pro- 
vided with horizontal and vertical experimental holes 
and with a thermal column. The project provides for 
the construction of special cells equipped with manip- 
ulators necessary for work with radioactive substances. 

The basic drawings of the reactor project are 
attached to this paper and it gives a list of some of the 
experiments for which the reactor may be used. 

The reactor project was designed on the basis of 
experience gained in construction and operating the 
reactor described in P/621. That paper contains in 
detail the characteristics of the reactor as acquired by 
tests on a zero energy model and later on the reactor. 

The reactor, according to the project, is designed to 
have a power of 2000 kilowatts. The operating loading 
of uranium-235 will be equal to 4.5 kg. The maximum 
and average neutron iluxes in the reactor core are 
equal to 2 X 10 13 thermal neutron/cm 2 -sec and 
~1 X 10 18 thermal neutron/cm 2 -sec, respectively. 

DESCRIPTION OF THE REACTOR CONSTRUCTION 

Figure 1 shows the reactor core construction. To 
facilitate loading and unloading, the core is composed 
of 52 units. Most of them contain 16 fuel elements 
each. Nine units contain 15 fuel elements each, and 
have tubes for the insertion of control and safety rods. 
In the lower and upper parts of the core these units are 
fixed by means of the guide lattices. 

The fuel elements are rods coated with aluminium 
tubes with an outside diameter of 10 millimetres. The 
working length of the fuel elements is 500 milli- 
metres. They are placed vertically in the reactor 
core and form a square lattice with a spacing of ^17.5 
millimetres. 

As shown in Fig. 1 the vertical experimental holes, 
as well as the tubes for the insertion of ionization 
chambers, and the horizontal hollow cylinders forming 
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the outer part of the horizontal experimental holes are 
situated in the water reflector of the reactor. 

It is possible to remove and replace the horizontal 
cylinders in case they develop leaks. The reflector 
space may also be used for, other purposes, as for 
instance mounting of additional vertical holes, etc. 

Horizontal and vertical sections through the reac- 
tor are shown in Figs. 2 and 3. The reactor core, as 
indicated in Fig. 2, is enclosed within an aluminium 
tank filled with water. The shielding against radiation 
consists *>f layers of cast iron, water and concrete. 
The position of these separate layers of shielding is 
indicated in Figs. 2 and 3. A layer of water surrounding 
the core protects operating personnel from radiation 
during loading, unloading and repair works in the 
central part. 

As was mentioned above, the reactor is provided 
with horizontal and vertical holes for experimental 
purposes, and with a thermal column, to allow research 
in the fields of nuclear physics, radiochemistry and 
biology, and to produce radioactive isotopes. 

The horizontal holes are provided with turning 
shielding gates, handled by remote control. 

The reactor core is separated from the thermal 
column by a bismuth shield for the attenuation of 
7-rays. The unloading of units from the reactor core 
and their transfer to storage is done in a special lead 
container. 

Tn the reactor building are cells for working with 
radioactive substances by means of manipulators. 

Figure 4 shows the reactor flow diagram. Heat gen- 
erated in the core and carried away by water circu- 
lating in the primary closed circuit is transferred in 
the heat exchanger to water flowing in the secondary 
circuit. The flow of water is indicated by arrows (see 
Fig. 4). The explosive gas that is generated in the 







Front view of the building housing reactor 
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Figure 1. Reactor active core: (1) lattice; (2) supporting plate, (3) safety 

and control rods; (4) experimental holes; (5) channel for the starting 

lonlzation chamber; (6) plugs; (7) channel for the working lonlzatlon 

chamber; (8) overflow pipe; and (9) level indicator channel 




Figure 2. Vertical section of the reactor: (1) thermal column; (2) vertical 

hole; (3) lead container; (4) control rod tubes; (5) biological hole; and* 

(6) horizontal hole 



water during reactor operation is 
removed in the de-aerator. 

The basic operating parameters 
of the reactor for a power of 2000 
kilowatts are given below: 

1. Flow of water in the primary 
circuit : 900 m 3 per hour. 

2. Flow of water in the second- 
ary circuit : 250 m 3 per hour. 

3. Average water temperature 
in the active core: 35C. 

4. Maximum rate of heat trans- 
fer through the surface of fuel ele- 
ments 3.8 X 10 6 kcal/m 2 per hour. 

5. Maximum surface tempera- 
ture of fuel element: 90. 

Radioactive gases and steam 
arc pumped out through the reac- 
tor ventilation system from every 
volume where they accumulate. 
Air mixed with radioactive gases 
and steam is ejected into a ven- 
tilation stack. Water containing 
radioactive admixtures goes to 
holding tanks. If necessary it is 
afterwards purified in the adsorp- 
tion installation. 

The power level of the reactor is controlled by means 
of six ionization chambers. Two "starting" chambers 
are filled with BF 3 gas and are used for the start-up 
procedure or when the reactor is at low power level. 
Four "working" chambers have a coat of boron 
carbide on the electrodes and are used when the reac- 
tor is operated at high power levels. 

Reactor control is effected by means of nine rods, 
eight of which are of boron carbide and one of steel. 
Three boron rods are used as safety rods, and with 
their aid the reactor may be stopped quickly. Five 
other boron rods compensate for reactivity reserve 
that is necessary if the reactor is to work for a pro- 
longed time at a high power level. The steel rod is 
used to keep the power at a given level. 

SOME EXPERIMENTS THAT CAN BE PERFORMED 
WITH THE REACTOR 

1. Measurements of cross sections of nuclei for 
interaction with monochromatic neutrons. This can be 
made by means of mechanical selectors of resonance 
and thermal neutrons and with neutron monochroma- 
tors of various types (either crystal or mechanical). 
Appropriate apparatus may be installated at the 
reactor horizontal holes. 

2. Neutron optics investigations (experiments with 
mirrors and polarized neutrons) may also be made at 
the horizontal holes of the reactor. 

3. Studies with the aid of magnetic and scintillation 
spectrometers of neutron capture 7-rays. 

4. Research work that requires a powerful beam of 
fission neutron. A hole, where thermal neutrons may 
be converted into fast neutrons, has been reserved for 
this kind of work. 
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Ffgure 3. Horizontal section through the reactor: (1) experimental hole 

(curved); (2) horizontal hole; (3) thermal column holes; (4) thermal 

column shielding; (5) storage for radioactive materials 

5. Neutronographic research m which neutron 
beams are applied for the study of the structure of sub- 
stances. The equipment for such studies may be 
installed at a horizontal beam hole. 

6. Measurement of thi neutron characteristic of a 



substance (diffusion and slowing down lengths), 
measurement of the effective number of neutrons 
generated in the process of fission, of the resonance 
integrals and cross sections of various elements and 
isotopes. For these measurements, made usually in a 
prism, either one of the beams or the reactor thermal 
column may be also used. 

7. Short intensive irradiations of samples with the 
purpose of studying radioactive isotopes with short 
half-life. Such work may be carried out in the special 
curved channel with pneumatic operation. 

8. Irradiation of various materials to study its 
effect on their properties. 

9. Production of radioactive isotopes that may be 
used in various fields of science and engineering. Ver- 
tical holes can be used for the last two problems. 
If necessary samples can be cooled 'luring irradiation. 

10. Studies of irradiation 1 effects on living organ- 
isms. A vertical hok of large diameter, located in the 
reactor shielding, may be used for this purpose. 

The maximum intensity of the total flux of neutrons 
at the outer end of the experimental holes will be 
equal t: 0.^-1 X 10 q neutrons/cm 2 -sec. 

The intensity of the neutrons in the thermal column 
hole may be increased several times by placing the 
measuring equipment nearer to the core of the reactor. 




Figure 4. Reactor flow diagram: (1) reactor; (2) centrifugal pump; (3) heat exchanger; (4) de-aerator; (5) storage; (6) water tank; (7) pump; (8) 

ventilator; (9) air ejector; (10) holding tank 



The Materials Testing Reactor and Related Research Reactors 

By Alvin M. Weinberg, Thomas E. Cole,* and Marvin M. Mann,t USA 



This paper will be concerned with H 2 O-moderated 
and cooled, enriched research reactors with plate- 
type fuel elements. Such reactors have been called 
MTR-type reactors after their prototype, the Mate- 
rials Testing Reactor, which has operated since 
March 31, 1952. At least four MTR-type reactors in 
various power ranges from 10 kw to 30,000 kw have 
been built by the US, and many others are under 
design or construction. These are summarized in 
Table I. 

It will be our purpose to discuss the basic design 
principles and problems of MTR-type reactors. For a 
general engineering description of the reactor the 
reader is referred to an article by J. R. Huffman. 1 
Included in the discussion will be some consideration 
of the usefulness of 20% enriched uranium in MTR 
plate-type reactors. 

BASIC DESIGN PRINCIPLES 

As nuclear technology matures, its central problems 
pass from nuclear physics to questions of metallurgy 
and chemistry. This is natural in a thermodynamic 
technology: the central issue is not how to ignite the 
nuclear fire but rather how to maintain the integrity 
of the system under extreme conditions of tempera- 
ture and radiation. The extensive testing of materials 
under radiation which a power development would 
involve quickly led to the realization at Oak Ridge 
National Laboratory in 1945 that a neutron source 
in which both fast and slow fluxes were maximal 
would be required. The Materials Testing Reactor 
was built to meet this need. 

The MTR was designed and built as a joint enter- 
prise of the Oak Ridge and Argonne National Labora- 
tories. Located at the National Reactor Testing 
Station in Arco, Idaho, it is operated by the Atomic 
Energy Division of the Phillips Petroleum Company. 
The detailed architect-engineering was done by the 
Chemical Plants Division of the Blaw-Knox Con- 
struction Company, and the construction contractor 
was the Fluor Corporation. 

The underlying aim of the MTR design was to 
achieve as high fast (>1 Mev) and slow neutron 
flux as possible. The availability of enriched fuel in 
the United States made it possible to aim at flux 
levels about an order of magnitude higher than would 
have been possible with unenriched uranium. The 
enriched reactors are small, which means that power 

* Oak Ridge National Laboratory, 
f Savannah River Plant. 



per unit volume (or volume specific power) could be 
made very high; and, because there is much "spare k" 
in such systems, the fuel can be dispersed very finely 
which means that power per unit mass of fuel (or 
fuel specific power) could also be made very high. 

Both specific powers volume and fuel must be 
maximized in order to maximize simultaneously both 
the fast and the slow flux. Since power output is 
proportional to fission rate, 

P 



where P = total power, M = mass of IP S& , oy = slow 
neutron fission cross section, <& = thermal flux, 

(1) 



which shows that the slow neutron flux is proportional 
to the power output per kilogram of U 236 . 

Thus to achieve maximum thermal flux it is neces- 
sary to maximize the heat transfer from each gram 
of uranium fuel; that is, to provide as much heat 
transfer surface as possible to each atom of U 236 . In 
MTR-type reactors this is done by disposing the 
fuel in parallel aluminum plates and cooling each 
surface vigorously with a stream of rapidly flowing 
water. The extreme dilution of the fuel is made 
possible because the fuel is enriched, and so relatively 
large amounts of diluent can be tolerated without 
reducing the multiplication constant too much. The 
specific heat transfer area in the MTR, 100 cm'Ygrn 
U 23B , is about 13 times higher than the specific heat 
transfer area in an unenriched reactor like NRX at 
Chalk River, Canada, with 1.73 cm radius, unen- 
riched uranium rods. This is basically the reason for 
the order of magnitude thermal flux advantage in the 
MTR-type reactor. 

The fast neutron flux is of two kinds: the virgin 
or uncollided flux, <t> vt and the moderated fast flux, 
&. This latter flux has a dE/E spectrum, while the 
uncollided flux has the fission neutron energy dis- 
tribution. For radiation damage experiments in 
non-fissionable materials it is the very fast 0* which 
is important; for experiments with neutron time-of- 
flight spectrometers it is the dE/E flux, <t> mt which is 
most needed. 

Both 4> v and # m are proportional to the volume 
specific power: for the number of neutrons produced 
per cm 8 , q, is proportional to P/V where V is the 
reactor volume, and the virgin flux, #, is 



_ ? 



1 P 

2 T /r 



(2) 
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while the moderated fast flux per unit energy interval 
is 



At*/ v 



(3) 



In these equations 2 is the macroscopic total cross 
section for fission neutron energy, and S. is the 
slowing down power at energy E. 

Equations 1, 2, and 3 show that to achieve a 
maximal fast and slow flux it is necessary to maximize 
both P/M, the fuel specific power and P/V, the 
volume specific power. 

In the early design of the MTR it was proposed 
that the fuel elements be cooled by H^O, and arranged 
in a lattice with space between the lattice elements 
filled with heavy water. Since the fuel specific power 
is independent of the lattice pitch, such a "diluted 
reactor" would have the same slow flux as MTR. 
However, as pointed out by E. P. Wigner, the volume 
specific power in such a reactor is lower than in the 
MTR, and therefore the dilution entails a severe 
loss in fast flux. This was the mair reason for " squeez- 
ing the heavy water " out of the original MTR 
design and using H 2 O as both coolant and moderator. 

The small size of the MTR, required to get high 
fast flux, makes it difficult to perform many experi- 
ments directly in the la'.:iice. However, the "infinite" 
multiplication constant ot the MTR is so high, about 
1.6, that at 30 Mw there are available, for experi- 
ments outside the reactor t I core, as many neutrons 
as in a graphite reactor (k ~ 1.04) operating at 
300 Mw. This point is sometimes overlooked the 
fuel region of the MTR has a volume of only about 
100 liters but in the inner beryllium reflector and 
the outer graphite reflector there are about 4000 liters 
of space at an average thermal flux above 10 13 neu- 
trons per cm 2 per second, and about 20,000 liters of 
space at an average thermal flux above 10 12 neutrons 
per cm 2 per second. 



PROBLEMS IN DESIGN OF MTR 
General Description 

How the dual requirements of high fuel specific 
power and high volume specific power were met in the 
MTR may be seen from the accompanying diagram 
of the internal lattice (Fig. 1). The uranium is dis- 
posed in parallel aluminum plates, 20 mg of U 23B per 
cm 2 . Each plate is a sandwich with 0.5 mm U-A1 
alloy as the "meat" and 0.5 mm thick Al "bread" 
on either side. Eighteen parallel plates are assembled 
into a "fuel element" (Figs. 2 and 3); the 3 mm space 
between the plates is filled with the cooling and 
moderating H2O. There is room in the aci : ve lattice 
for as many as 45 fuel elements in a P X 5 array; 
the positions not occupied by fuel are tilled with Be 
metal reflector pieces. The fuel elements, stacked 
side by side, occupy a position 6.25 m below the top 
of a 9.1 m deep water well; coolant flow is downward 
through the fuel array and Be icflector at a rate of 
1260 liters per second (310 liters per second through 
Be and 950 liters per second through fuel). A vertical 
section of the reactor is shown in Fig. 4. 

The artive lattice is surrounded by a closely fitting 
Be reflector which is pierced with holes through which 
flows water required for cooling the beryllium as seen 
in Fig. 5. Of the total power, 28,800 kw is generated 
in the fuel elements and 1200 in the beryllium. The 
entire assembly, active lattice and Be reflector, is 
contained in an aluminum tank which is pierced by 
numerous experimental ports. Outside the tank is a 
graphite reflector in which 10 13 fluxes are available. 

Shim control for the reactor is provided by eight 
Cd rods which enter the lattice from above. The rods 
have the same cross section as the fuel elements; the 
bottom portion of four of the rods is an active fuel 
element, and the bottom portion of each of the remain- 
ing rods is Be so that lifting a rod removes cadmium 
and inserts fuel or reflector. Regulating rods of cad- 



Table I. MTR Type Reactors Built or Proposed 



Reactor type 



Power 



Maximum slow flux 



Built 



Proposed 



Materials Testing 
Reactor 

Oak Ridge Re- 
search Reactor 

Low Intensity 
Testing Reactor 

Swimming Pool 
Reactor 



30,000 kw 4 X 10i* n/cm 8 /sec Arco, Idaho 

20,000 kw 2 X 10" n/cm 2 /sec ORNL, Oak Ridge Westinghouse 

3,000 kw 4 X 10" ORNL, Oak Ridge University of California 

Radiation Laboratory 
Los Alamos 

10 -1000 kw 2 X 10-2 X 10" ORNL, Oak Ridge Battelle Memorial 

Bulk Shielding Institute 

Facility 
Geneva, UN American Machine and 

Demonstration Foundry 
Pennsylvania State Naval Research 
University Laboratory 

University of Michigan 
Washington State College 
Vanderbilt University 
Brookhaven Medical 
Center 
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Figure 1. Pictorial cross section, reactor tank 
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Figure 2. Cross section of MTR fuel assembly 

mium are provided in the Be reflector for automatic 
control. 

The nuclear composition of the MTR core is sum- 
marized in Table II. 

Reactor Physics 

Since the MTR was the first high-powered enriched 
reactor built, there were numerous questions centering 

Table II. Specifications of Active Portion of MTR 

Volume aluminum /volume water 0.73 

U m concentration,* gm/liter 35 . 8 

Active-plate thickness, cladding included, mm 1 .5 

Width X length of active portion of plates, cm 6.5 X 60 

Thickness of uranium-aluminum alloy layer, mm 0.5 

Thickness of cladding, each layer, mm 0.5 

U 286 in active plates, gm/cm 2 020 

Distance (gap) between active plates, mm 3 

Number of plates per assembly 18 

U 2M per assembly, gm 140 

Possible number of assemblies in reactor 37 

Possible number of shim safety rods in reactor 8 

Number of regulating-rod locations 4 

* The U m concentration in a portion of the reactor made up 
of normal fuel assemblies is actually 35.8 grams per liter. An 
over-all average U 1M concentration of the reactor is smaller 
because of the presence of the shim safety rods. If all the shim 
safety rods were in the "in," or absorbing, position, the average 
U 23B concentration of the active portion of the reactor would 
be about 29.2 grams per liter. 




Figure 3. Typical MTR fuel element 

around the critical! ty of the system. To settle these 
questions many critical calculations and experiments 
were done on mocked-up MTR-type lattices with 
various reflector arrangements. 

All of the criticality calculations on the MTR were 
done by standard two- and three-group the* ry. 2 The 
success of such calculations, which are essentially 
schematic, depends on proper choice of constants, 
most particularly I he fast transport mean free paths, 
X( r , in lattice and reflector. These were determined by 
the usual weighting *ormula 






/ d 
J &* 

/_ 

J *s. 



where ^ lf and 2* are the macroscopic transport and 
scattering mean free paths, respectively. 

The age which was used for the A1-H 2 O mixtures 
was measured to In resonance energy by L. D. Roberts 
and T. K. Fitch, 3 and corrected by calculation to 0.025 
ev as described by Nancy M. Dismuke and M. Ruth 
Arnette. 4 The results are shown in Fig. 6. The age 
calculated by the usual transport theory expression 
for the second moment in water mixtures is also shown 
in Fig. 6. 

The nuclear constants which were finally chosen are 
summarized in Table III. They apply, of course, only 
to the MTR composition given in Table II. 

Three series of critical experiments to check the 
calculated two-group critical masses were performed 
in 1946 and in 1048 under the general supervision of 
M. M. Mann and A. B. Martin. The experiments were 
performed with a variety of reflectors: H2O, D2O, Be, 
and unreflected. The critical masses of some repre- 
sentative arrays compared with calculated values are 
given in Table IV. The arrangement for D2O and 
H 2 O-reflected experiments is shown in Fig. 7. 

The beryllium experiments were performed in the 
same tank, but Be was stacked in place of the D 2 O 
(Figs. 8 and Q). The active lattice in the Be experi- 



Table III. MTR Nuclear Constants, Two-Group Model 





Active portion 


Reflector 
2 % water-98 % Be 


Temperature 
Diffusion coefficient, thermal 
Diffusion coefficient, epi thermal 
Age to thermal 
Diffusion area 


290K 
0.269 cm 
1.32cm 
64cm* 
3.9cm 2 


0.86cm 
0.64cm 
91 cm j 
531 cm* 


Total macroscopic cross section 
Total macroscopic cross section of U m 
Multiplication constant, infinite media 


0.070 cm- 1 
0.054cm- 1 
1 612 


0.00163cm- 1 
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Figure 4. MTR north-south vertical section 



ments was roughly square, while in the J) 3 O experi- 
ments it was cylindrical. 

The physical data for the D 2 and H 2 O reflector 
experiment were as follows: concentration of U 23B 
= 35.6 grams/liter of reactor volume; height of active 
portion = 70 cm (no reflector, top and bottom). 

The simple two-group calculations, as seen in Table 
IV, agree well with the observed critical masses. 
While at first sight this might appear surprising, 
considering the crudeness of the two-group approxima- 

Toble IV. Critical Masses in Kilograms of U 235 



Observed 



Reflector 



Volume 
ratio 



. , Cfl^ ulatfii. 



Al/IIzO /-... Corrected for em ply" control 
Or 45 rod *or/j. /r. 



D,0 


0.88 


2.48 


2.40 


2.64 


D 2 O 


0.76 


2.23 


2 15 


2.43 


Be 


0.76 


1.54 


1.42 


1 54 


H 2 


0.76 


3.29 


3 22 


3 34 


H 2 


0.66 


2.82 


2.72 


3.04 - 



tion, it should be remembered that most of the neu- 
trons leak into the reflector as fast neutrons, since 
r/L 2 in the lattice is about 18. Hence if the ratio of 
fast mean free paths in reactor and reflector is properly 
adjusted, the leakage out of the reactor will be well 
reproduced, and the critical mass would be expected 
to be well estimated even by one-group theory. 

Two points emerged immediately from these meas- 
urements: one, Be was the best reflector, being even 
better than D 2 O; however, some of this advantage 
arises because the Be was stacked directly against the 
lattice with an Al tank separating the 1) 2 O reflector 
from the core. Two, in all experiments with "good" 
reflectors the fundamental neutron mode is over- 
whelmed by the transients arising from the reflector. 
In all these cases there is a very steep rise in flux in 
the reflector, reaching as much as one and one-half 
times the average core neutron density in the case of 
a very narrow slab reactor reflected by Be. This is 
seen in Fig. 10 which gives the measured distribution 
in a typical Be-reflected assembly. 
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volume to be expected in the core. The extent to which 
the thermal neutron flux holds up in the reflector is of 
interest in planning experiments which will make use 
of this flux. 

The first critical experiments were performed with 
clean geometry; i.e., the reflector was unpierced by 
holes and the lattice was a regular geometric figure. 
Since actual research reactors have control rods, ex- 
perimental holes, etc., it was necessary to measure 
the effect of such perturbations on the reactivity of 
the reactor. This was done in later experiments by 
maintaining the unperturbed reactor critical with 
uniformly distributed gold or silver wires H known 
absorption cross section. After the holes or control 
rods are in place, as shown in Fig. 11, the reactor is 
sub-critical unless an amount of poison, A 2, is re- 
moved. The equivalent reactivity loss entailed by the 
perturbation is then very nearly 

A* AZ. ,' 



Figure 5. Beryllium assembly 

Table V lists some observed flux ratios for two typi- 
cal assemblies. Assembly No. 1 had a core 22.5 X 22.5 
cm in cross section and 66 cm in height, containing 
1.21 kg of U 235 at a fuel Concentration of about 40 
grams of U per liter of reactor volume. The A1/H 2 
volume ratio in the core was 0.65. The core was bare on 
top and bottom, but it was reflected by a minimum of 
30 cm of Be on all sides. The minimum critical mass 
for the array described above was found to be 1.07 kg. 
The lateral measurement was made along a perpen- 
dicular bisector of the side of this reactor; a measure- 
ment also was made along a diagonal. 

Assembly No. 2 had a core 11 cm X 51 cm in cross 
section, containing 1.35 kg. The height of the reactor, 
reflector thickness, fuel concentration, and the 
A1/H 2 O volume ratio in the core were the same as for 
the square assembly. The minimum critical mass of 
this thin-slab assembly was found to be 1.28 kg. 

The ratio of the peak thermal neutron flux to the 
thermal neutron flux at the center is an indication of 
the maximum slow neutron flux, for a given operating 
level, which the assembly will provide for experi- 
mental purposes. The ratio of the thermal neutron 
flux at the edge of the core to that at the center is a 
measure of the maximum heat production per unit 

Table V. Relation between Thermal Neutron Flux <f>th 
at Certain Horizontal Midplane Locations in the Re- 
actor and That at Center of Core 



Assembly no. 



(Peak) 
4m, (center) 



** (edge) 



Position in reflector at 
which <t>th falls to center 
value, measured in em 



I (lateral) 

1 (diagonal) 

2 (lateral) 

2 (longitudinal) 



1.32 
1 16 
1.42 
90 



k (ffnttr) 


/>om cenitr 
of core 


From ediit 
of core 


1.19 


26.5 


15 


1.13 


25 


Q 


1.24 


22 


16.5 


0.85 







where # is the total absorption cross section of the 
reactor, having the smaller cross section, and k in 
the denonynncor is the multiplication constant after 
the perturbation h introduced. Equivalent reactivity 
losses reported in subsequent tables were measured in 
this way. 

In the MTR reflector there are numerous very 
large holes (15 cm in diameter), and it was necessary 
to determine how much loss in reactivity was caused 
by these holes. The loss of reactivity (measured in 
equivalent Ak/k) found in these experiments is 
given in Table VI. 

Table VI. Effect of Experimental Holes in the MTR 
Critical Assemblies 



Assembly no. 


3 


5 


6 




Reactor dimen- 










sions (cm) 


71 X 11 X 66 


71 X 17X66 


71 X 22.5 


X66 


Critical mass 










(kg) 


1.94 


2.94 


3.95 




S* (cm) 


4118 


6240 


8384 




Poison, 2, (cm 2 ) 


303 


1140 


1848 




Total S (cm 2 ) 


4421 


7380 


10,232 





Effect of the Holes in bk/k (%) where k is the k 
of the Reactor with solid Reflector 



Holes extending to reactor-reflector interface 

6-in. hole on edge 1.17 0. 75 49 

6-in. hole in center 2 . 20 . 86 

8-in. hole in center 4. 80 2 84 1.71 

Holes beginning 15 cm from reactor 

6-in. hole on edge 0.17 0.12 . 08 

6-in. hole in center 0.34 0. 13 

8-in. hole in center 0.68 0.40 0.22 

Holes extending to reactor, water-filled 

6-in. hole on edge 090 0.65 0.42 

6-in. hole in center 0.84 

8-in. hole in center 3 . 88 2 . 45 1 . 53 

Holes beginning 15 cm from reactor, water- 
filled 

6-in. hole on edge 0.08 0.06 

6-in. hole in center . 24 . 06 

8-in. hole in center 0.37 . 23 0.11 
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change in uniform poison and 2 A is the total cross 
section of the active portion of the core after the 
rod is inserted. In experiments which entail the 
removal of fuel and the insertion of a control rod the 
k of the clean core, ki, is calculated, the k of the 
active portion of the core after insertion of the rod, 
& 2 , is calculated, and Ak/k is then given directly by 



Figure 6. Age, r fission neutrons in HaO-AI mixtures 

A more important effect of holes is that the neutron 
flux is lowered in them. An example of this is seen 
in Fig. 12. For these experiments the He reflector 
was surrounded by a 30 cm graphite layer to simulate 
the outer graphite reflector of the MTR. 

Control Rod Effectiveness 

A number of experiments were carried out to 
study the effectiveness of control rods of various 
sizes in the four kg mock-up of the MTR. They were 
performed in the following way: the uniform poison 
in the "clean" core (before the control rod is inserted) 
is adjusted until the assembly is just critical. The 
control rod is inserted and the amount of uniformly 
distributed poison in the core is reduced until the 
assembly is just critical. When the experiment in- 
volves no change in the amount of concentration of 
fuel in the core, the percentage change in k, i.e., 
, is given simply by A2/S# where AS is the 

Interchangeable round 
reactor tank - Intermediate 
size shown 



The Cd control rods tested in these experiments 
were essentially replicas of those designed for the 
MTR insofar as dimensions -and composition are 
concerned. They were in the form of hollow cylinders 
of square 8^ cm X 8)4 cm cross section, 66 cm long, 
and were filled with water to duplicate the conditions 
that would be found in the MTR. 

For use in the MTR it was planned for these rods 
to be attached at one end of the fuel assemblies so 
that as a rod was withdrawn fuel was inserted in its 
place and vice versa. Therefore the measurement of 
interest was the effect of the rod versus fuel in the 
same position. The percentage changes in reactivity 
of the active portion of the core when these rods 
were inserted in place of fuel in the locations indicated 
in Fig. 13 are shown in Table VII. 

Table VII 



Rod 

Cd at A 

Cd at A and B 



( %) 



7.3 
20.7 



It was also observed that the reactivity change 
due to the removal of 180 grams of fuel from a central 
position such as A amounted to about 3%. 

At first glance a comparison of the effect of a single 
rod at A with the effect of rods at both A and B 
indicates that the effect of a rod at B (a position of 
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Figure 7. Assembly for D 2 O reflector 
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Figure 8, Assembly for beryllium reflector 



relatively low statistical weight) is greater than the 
effect of a similar rod at A (a position of relatively 
higher statistical weight). It is apparent, however, 
that this anomaly comes about as a result of the 
change in neutron flux distribution caused by the 
introduction of the frst rod at A. The neutron flux is 
depressed in this region and the statistical weight 
distribution in the core is shifted in such a way 
that the maximum is now in the vicinity of position B. 
Hence it is true that the second control rod, intro- 
duced at B, has a greater effect on the asymmetrical 
core than the control rod at A has on the clean pile. 

Temperature Coefficient 

Increase in water temperature of the MTR has 
two important effects: one, the ratio of U to H 2 O 
is increased because the water expands and is ejected. 
This tends to increase the thermal utilization and the 
leakage. Of the two, leakage is the more important 
and imposes an over-all negative temperature coeffi- 
cient on the MTR. 

Two, the thermal diffusion length is increased, in 
addition to the afore-mentioned density effect, 
because both the absorption cross section and the 
proton scattering cross section decrease with increase 
in neutron temperature. This also contributes to the 
negative temperature coefficient. The over-all tem- 
perature coefficient, for uniform heating, as measured 
in the LITR, was found to be 0.013% &k/k per C 
at water temperatures between 36C and 54C. 

Gamma-Ray Heating 

Another important practical question which is 
common to all highly enriched, high-powered reactors 
is the determination of the heat production due to 
gamma-rays and neutrons in the reflector. This is 
difficult to calculate because the gamma-ray sources 



are never known in detail, and the geometry is 
usua^y too complicated to allow a reliable calculation 
to be made. For this reason a method had to be used 
which allowed the heat production rate in the reflector 
to be measured, although the total power of the 
critical assembly was kept at a watt. 

The method is based on application of the Bragg- 
Gray principle. The ion current produced in small 
ion chambers (filled with CO 2 or He rather than air 
so there would be no recoil protons from N(,) 
reactions) was measured in the reflector. The power 
production in the medium in which the chamber is 
immersed is simply obtained by measuring the ion 
current, calculating the energy loss per unit volume 
in the chamber, and multiplying by the ratio of 
stopping power of reflector material and ion chamber 
gas. This method is the same one used originally by 
L. H. Gray to measure the total gamma energy emitted 
per second by radioactive substances, and it was 
used with great success in the MTR design. For 
example, it was found in this way that the heat pro- 
duction at the Be-graphite interface outside the 
reactor tank was about 1.0 watt per cm 8 of graphite 
for a reactor power level of 30 Mw. 

Shielding 

The MTR was the first chain reactor to rely 
heavily on water as a shield; the reactor core is 
located near the bottom of a deep well filled with 
water. To verify the adequacy of water as a shield 
measurements of the gamma-ray and neutron attenua- 
tion in the water were performed on the Low Inten- 
sity Test Reactor (LITR) which is a low-powered 
replica of the MTR. The thermal neutron attenuation 
above the lattice, measured with indium foils, is 
shown in Fig. 14; the measured gamma-ray attenua- 
tion is shown in Fig. 15. 
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The bottom of the top plug is 5.95 m above the 
lattice center line. As seen in Fig. 15, at this point the 
gamma-ray dose is about 2 X 10~ 3 mr/hr when the 
reactor runs at 270 watts. At full power, 30,000 kw, 
the gamma-ray dose would be about 220 mr/hr, 
compared with the 40-hour per week tolerance of 
7.5 mr/hr; this necessitates incorporation of addi- 
tional lead shielding in the top plug. 

The neutron attenuation by the water, on the 
other hand, is much more than ample. At 30 X 10 3 kw 
the central slow neutron flux is about 3.5 X 10 14 ; 
the slow neutron tolerance is 1750 neutrons/cenli- 
meterVsecond for a 40-hour week so that an attenua- 
tion of 2 X 10 11 is required. As seen in Fig. 14, this 
attenuation is achieved in about 300 cm. 

Control 

The requirement of very large available excess 
reactivity coupled with a relatively short generation 
time, encountered for the first time in the design of 
the MTR control system, led to considerable effort 
to establish criteria and develop instruments for the 
control of reactors capable of very short periods. 
This work was carried out at Oak Ridge National 
Laboratory under the direction of H. W. Newson 
during 1946 and 1947; and the results still serve as 
a basis for control design, although more detailed 
work has subsequently been done at ORNL as well 
as at several other locations. 
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Figure 10. Radial neutron distribution* beryllium reflector 

Table VIIT lists MTR reactivity requirements. 

As can be seen from Table VTII the control rods 
must be capable of controlling 30 40% in reactivity 
if a reasonable margin of safety is to be provided 
for possible overloading of fuel and changes in 
experiments. 

Tn the case of a complete shutdown following 
steady operation of the MTR, Xe 135 poisoning reduces 
reactivity initially at a rate of about 9% per hour; 
a maximum reduction of 39% is reached about 10 
hours after shutdown. It was not considered prac- 
ticable to provide sufficient excess reactivity to 
override the peak poisoning and therefore it is neces- 
sary that startup time be held to a minimum following 
an accidental or short shutdown. The buildup and 
decay of Xe in addition to the sensitivity of the small 
highly enriched reactor to changes in and near the 
core leads to a situation where the position of the 
control rods for critical! ty varies over a wide range. 
The above factors requiring short startup time with 
variable rod position for criticality led to the con- 
clusion that safety analysis should be based on the 
rate of rod withdrawal; i.e., on rate of change of k, 
rather than on rod position. 

Knowing the time response of the safety system 
from ion chamber to control rod and the tolerance of 
the reactor for temporary overloads, one can calculate 
a rate of change of k (rod speed) which will not damage 
the reactor if startup is made by withdrawing all con- 
trol rods at their maximum rate. The MTR rod drive 
mechanism is designed so that a maximum rate of 

Table VIM. Minimum Excess Reactivity Built into the 
MTR 



Source of reactivity loss 



Amount A&/& (%) 



Figure V. Reactor assembly; beryllium reflector 



Xe 186 + Sm u (steady-state) 

Xe" 8 H hour override 

Fuel depletion -|- low cross-section fission 

products 
Temperature 

Others (experiments, beam holes, etc.) 
Total 



4.9 

4 . 7 

7 . 
0.8 
1 . 5 
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Figure 1 1. Critical assembly: simulated MTR structure 

change of about 0.1% Ak/k por second is the maxi- 
mum for all rods withdrawing simultaneously. This 
rate allows complete - ithdrawal of the rods in six 
minutes and could lead to a reactor period no faster 
than about } 30 second as the reactor reaches the 
safety trip level. The response time of the MTR safety 
system is sufficiently fast to protect the reactor from 
damage under this situation. This fast rate of rod 
withdrawal is not normally available unless the reac- 
tor power level is at least 300 watts and therefore in 
a range where period-measuring instruments can 
reliably exert some control. The fast rate is available, 
however, when a rapid restart is necessary following 



Figure 13. Test positions of large Cd rods in the core of the 4-kg 
mockup assembly 

an accidental or short shutdown as the power level 
in the Be-reflected MTR does not decay below 300 
watts for a number of hours following shutdown. 
Startup after shutdown of long duration is more 
leisurely, as the problem of overriding Xe is not pres- 
ent and in general the requirements of the experi- 
mentalists is such as to mal.e a slow startup desirable 
in any case. 

In a reactor with characteristic high excess reac- 
tivity and relatively short generation time (4 X 10^ 6 
to 2 X 10~ 4 seconds) it is asserted that provision 
must be made to monitor the flux level at all times. 
In a highly eimched reactor spontaneous fission from 
U 288 does not contribute sufficient neutrons to allow 
easy reliable detection of the ilux level under shut- 
down conditions, and therefore it is necessary to 
include a radium-beryllium or similar source to bring 
the flux to a readable level. In the MTR a piece of 
natural antimony was built into the Be reflector. 
After initial operation of the reactor this serves as a 
gamma source which, with the Be, provides a sufficient 
neutron source due to the photoneutron effect. Pulse- 
type fission chambers are used as detectors at these 
low levels primarily because of their high discrimina- 
tion against the gamma background from previous 
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Figure 12. 4-kg slab reactor (71 X 22.5 X 66 cm)i 2% HO In Bei neutron distributions along axis of 6-in. hole at edge of reactor 
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Table IX. Instruments Used in Various Power Ranges 



Full power 



10- 2 



Power | Range of servo, linear power instruments, and recorders 



Lower limit of servo and . j Restart region maximum rod withdrawal speeds necessary; 

power instruments cnod j operation supervised by log N and period meter 

10-' 



I" Cold-star l region; fission-rate meter is only instrument available 

I through major portion of region; only intermittent rod speed 

Ulller | available; cold reactor normally becomes critical below 10"*; 



Lower limit of log N and 

period meter (10"~ fl ) fl ^ I through major portion of region; only intermittent rod speed 

i, strictly manual control up to about 10" fl 



Lower limit of count- 
rate meter 



.., /No rod withdrawal permitted in this range. Source must be used 

bourcu \ to get over 1Q-" 



operation. In addition, the simplicity, ruggedness, and 
low voltage requirements lead to high reliability. 

Nuclear instrumentation at power levels near full 
power can be made quite simple, fast, and reliable 
since substantial currents can be obtained from ion 
chambers; also, a variety of conventional instruments 
are in range to read heat power, etc. For this reason, 
the primary fast-acting safety of the MTR is based on 
safety shutdown when a given neutron tlux (in excess 
of normal full power) is exceeded. 

The control rods, as previously mentioned, are sup- 
ported by individual electromagnets. The current to 
each magnet is supplied by vacuum tube amplifiers 
so arranged that a signal from any one of three ioniza- 
tion chambers will reduce the current in all magnets. 
This will release the rods which then fall into the reac- 
tor under the inllucnce of gravity. This "auctioneer" 
type of circuit lends itself very well to safety action 
in that a number of signals can be supplied to a single 
bus which in turn feeds a signal to the multiple-rod 
system. In this manner a degree of lt safety-in- num- 
bers" is obtained. 

Nuclear instrumentation on the MTR is shown in 
block form in Fig. 16. Three ionization chambers are 
provided for level safety action through individual 
preamplifiers and Sigma Amplifiers. The Sigma 
Amplifiers "auction" the signals to the highest bidder. 
In addition, two channels are provided with chambers 
compensated against the gamma background from 
the reactor to give a wide range, 10 6 , presentation on a 
logarithmic scale. These channels also provide a 
shutdown signal if the reactor period becomes faster 
than one second. Table IX gives the relationship be- 
tween power level and instrumentation. 

In order to minimize shutdown due to misoperation. 
drifts in the electronic circuitry, and changes in neu- 
tron flux distribution the "fast" safety channels are 
adjusted so that the reactor flux must be considerably 
outside of the normal operating range before safety 
action occurs. The measured level must exceed the 
normal level by a factor of about 1.5 before the level 
safety channels will cause a shutdown; the period must 
be as fast as one second before a period trip will occur." 



Dependence on vacuum tubes in such a system 
leads to the probability of failure; however, vacuum 
tubes were chosen rather than relays because they can 
more easily be monitored to determine their condition. 
While a relay is probably more reliable, it is very 
difficult to predict whether or not it will operate the 
next time. The vacuum tube circuits are monitored at 
various points so as to inform the operator of any 
trouble in a particular circuit, and sufficient channels 
are provided to allow operation with one channel out of 
service. 

In addition to the "fast" shutdown through the 
electronic circuits, a so-called slow shutdown is also 
provided for signals not requiring high-speed response. 
These signals are collected by means of relays and 
act by removing the ac power supply from the ampli- 
fiers which supply current to the magnets. 

In normal startup and operation the general prin- 
ciple may be stated: for increase in reactivity (rod 
withdrawal) the instruments and the operator must 
agree that withdrawal is proper; for decreases (rod 
insertion) either the operator or the instruments may 
initiate the action. In order to withdraw rods if the 
period is faster than 30 seconds the operator must 
operate a by-pass switch in addition to the withdrawal 
switch. For periods faster than 7 seconds permission 
is taken away from the operator to withdraw rods at 
all. If the period becomes faster than 5 seconds the 
rods are run in under motor drive until the situation 
is corrected. The interlocks described, with a number 
of others not mentioned here, are designed to help 
the operator in starting and operating the reactor by 
guarding against misoperation which might cause an 
accidental shutdown with loss of operating time. 

The stability of this type reactor is very good ; how- 
ever, in the higher powered versions small distur- 
bances in reactivity due to changes in water tempera- 
ture, small mechanical displacements caused by the 
high-velocity water flow, experiments, etc., lead to 
variations in neutron flux which are undesirable in 
many experiments. For this reason a servo system is 
provided for automatically regulating reactor power 
level as measured by an ionization chamber. The 
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MTR servo can hold the flux to within about t% of 
the requested level over the range from 1% of full 
power to full power. This automatic regulating system 
was developed and tested with a reactor simulator 
(analog computer). Tests subsequently performed 
with the system in control of the LITR proved the 
worth of this technique. 

Control systems on other reactors of this family 
follow the same general pattern. The lower powered 
reactors such as the ORNL Swimming Pool are much 
less bothered by Xe buildup; hence adequate control 
is afforded with much less equipment even though 
this means that accidental shutdowns are more likely 
than in the MTR. These shutdowns are not serious as 
the low-powered reactor can be restarted as soon as 
the difficulty has been remedied. 

ENGINEERING PROBLEMS OF THE MTR 

Heat Transfer 
The power output of the MTR is determined by the 
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performance of the water as a heat transfer agent. The 
design water flow velocity is about 10 meters per 
second in the active lattice, and this implies a nominal 
heat transfer coefficient h = 0.9 calories/centimeter 2 / 
second/C. The average film drop is about 27C, and 
the temperature rise is about 6.1C. 

These are nominal, average figures. The actual per- 
formance of the reactor is limited by the local hot spots 
which arise wherever the neutron flux is high. Such 
high points in the neutron density occur wherever 
there is less than the normal absorption cross section. 
The most serious such places are at the corners of the 
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lattice where a uranium-bearing assembly is sur- 
rounded on two sides by Be, in which the neutron 
lifetime is relatively very long, and between the top 
and bottom sections of the Cd shim rods where there 
is a dead layer of water. The neutron flux peaking in 
this layer of water tends to persist in the active portion 
of the shim rods, and hot spots are likely to occur 
there. 

The cooling of the Be reflector, in which 1200 kw is 
generated at 30,000 kw total power, is in some ways 
more difficult than cooling the main lattice. For in 
order to maintain the excellent neutron-reflecting 
properties of the Be, it is necessary to keep the water 
content of the Be as low as possible. The aim in the 
MTR was to keep the average water content of the 
Be below 2% by volume; engineering compromises 
increased this to 4.2% by the time MTR went into 
operation. 

Fuel Elements 

The fuel elements in MTR-type reactors were de- 
veloped after several years of experimentation with a 
variety of configurations at the Oak Ridge National 
Laboratory. The plates of the elements are curved in 
order to increase their rigidity; the MTR elements as 
they are now routinely produced can withstand a dif- 
ferential pressure of up, /oximately 15 pounds from 
inside to outside without buckling the outside curved 
plates sufficiently to give trouble. The actual method 
of fabrication is described by Boyle, "MTR -Type 
Fuel Klements" (P/953, Session 18B.2, Volume 9, 
these Proceedings). 

Mechanical Design 

It was decided early in the design of the MTR that 
the control and shim rods would be operated from 
above (Fig. 1). This means that the rod drives must 
be decoupled from the rods whenever the top plug is 
removed, as the rod drive mechanism is mounted on 
the top plug. 

The rods are fairly long, and it is of utmost impor- 
tance that cooling clearance be maintained as they 
pass through the lattice. The rods pass through bear- 
ings in the upper and lower guide grids which position 
the fuel elements; these upper and lower guide grids 
are attached directly to the reactor tank. The strat- 
agem of hanging these two members from the same 
rigid structure insures the integrity of the control rod 
clearances, and is one of the most important mechani- 
cal design features of MTR. 

The MTR control rods are of two main classes, the 
shim-safety rods and the regulating rods. All rods in 
the reactor are designed to lower the reactivity of the 
reactor when they are inserted. 

The shim-safety control rods, as their name implies, 
serve the purpose of providing control of reactivity 
during operation and safety action when required. 
There are places for eight shim-safety rods running 
through the active lattice; two different types are 
used as mentioned previously Cd-U rods in the ac- 
tive core and Cd-Be rods in the reflector. In the fully 
inserted positions the lower end of the rods rests in 



shock absorbers (dash pots) located in the plug closing 
the bottom of the tank. The rods are raised from this 
position by means of individual electromagnets on the 
bottom of the lifting shafts; these shafts extend 
through seals in the top plug to the motor drive 
mechanism. The magnetic clutch provides for safety 
action of the rods; removing the exciting current from 
the magnet allows the rods to fall by gravity into the 
reactor and thus reduce the reactivity. Initial ac- 
celeration of several g is obtained when full flow of 
coolant is present due to hydraulic forces on the rods. 

The regulating rods are designed to provide for 
automatic regulation of the reactor flux level. There 
are positions for four such rods in the Be reflector. 
Two locations are normally in use and are selected 
depending on the shape and location of the active 
lattice in the 45 position grid. These rods have cad- 
mium as the neutron absofbcr; the location is so 
chosen as to limit the effect of a given rod to less than 
the delayed neutron fraction in order that failure of 
the automatic regulating system cannot in itself make 
the reset or super-prompt critical. The rods are 
mechanically connected to a support shaft extending 
through the top plug and drive through a rack and 
pinion drive by a low inertia servo-motor. Shock 
absorbers are mounted on the drive mechanism and 
serve to dissipate the kinetic energy of the rod and 
motor should it overtravel at high speed. 

Another important feature of the MTR is the fact 
that the design makes it possible to replace the tank 
and active portion of the reactor without dismantling 
the major portion of the graphite or of the shielding. 
This would, of course, be a major undertaking and 
would probably consume several weeks, even with 
careful planning. To this end the materials within the 
highly active zone of the reactor have been chosen in 
part for their lack of long-lived induced activities. 
For example, aluminum has been used instead of 
stainless steel in this zone. The design is such as to 
allow the reactor to be dismantled under water piece- 
by-piece. For this reason the Be pieces have been kept 
small. This high degree of flexibility makes it possible 
to insert another type of reactor (of identical external 
dimension) in the hole left by the removal of the 
present one. This also allows for replacement in the 
event of damage or failure in operation. 

Not only the tank is removable by this means but 
also the graphite reflector adjacent to the tank. The 
main problem in the design of the graphite reflector 
was the fact that graphite expands under radiation 
bombardment and temperature increase. The solution 
was to divide the graphite into two zones, a pebble 
zone which is adjacent to the reactor tank, and a 
permanent graphite zone which is 3.65 m by 4.25 m 
and 2.84 m high. 

The pebble zone is a volume 2.22 m square by 2.74 
m high. It surrounds the reactor tank and is filled by 
some 700,000 graphite pebbles 2.54 cm in diameter. 
The pebbles rest on a base plate and are free to expand 
upward. In this way any expansion due to radiation 
effects or temperature increase will merely raise the 
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level of the balls without exerting undue stress on the 
tank wall or the permanent graphite. Two discharge 
chutes in the pebble support plate can be opened into 
a discharge bin, thus allowing easy removal of the 
pebbles at any time. Easy removal of the pebbles also 
makes for relatively easy removal of tank sections. 
Furthermore, since the pebbles are in the highest flux 
region of the graphite reflector, any radiation damage 
will affect them first. 

The physical removal of the spent fuel elements and 
recharging of the reactor is accomplished through 
6 m of water, using long-handled tools by means of 
which an assembly can be lifted out of its socket and 
moved across the top of the lattice to a position over 
a vertical hole through the Be beneath which is a 
water-filled discharge tube leading, through locks to 
minimize loss of water, to a deep canal beneath the 
reactor. This hole through the Be is filled with a Be 
plug during reactor operation. New assemblies are 
loaded into the spaces left by old ones by lowering 
them through the water from the top of the tank. 

OTHER MTR-TYPE REACTORS 
The Swimming Pool 

As has been mentioned in the introduction, many 
research reactors embodying the parallel plate, H 2 O- 
cooled and moderated idea have been built in the 
United States. 

The simplest of all these reactors are the swimming 
pools. In these reactors, a detailed description of which 
is given by W. M. Breazeale, "The Swimming Pool 
Reactor and Its Modifications," Volume 2, Session 
9A, P/489, these Proceedings, water shielding is used 
on all sides. The reactor is immersed in a tank from 
which the name Swimming Pool is derived. Figure 17 
is a curve of the gamma-ray attenuation in H 2 O, 
measured perpendicular to one face of an H 2 O- 
reflected swimming pool reactor. Figure 18 gives simi- 
lar data for neutrons. 

The only cooling available in the original Swimming 
Pool is natural convection, and the reactor was de- 
signed to run at 10 kw. Over the years the power level 
of the Oak Ridge National Laboratory Swimming 
Pool has been increased; it now runs routinely at 
100 kw and it has been run for short times at 1000 kw 
with only convective cooling. At this high power level 
the N 18 formed by O 16 (#,/>)N 16 is carried to the sur- 
face of the pool by the warm water and is a radiation 
hazard. To overcome this, horizontal jets of water 
above the reactor core disperse the water which has 
been convected out of the reactor. This mixing action 
prevents the N l6 -bearing water from reaching the 
Swimming Pool surface until the N 16 with its seven- 
second half-life has decayed. 

The LITR 

The Low Intensity Test Reactor (LITR) was orig- 
inally a hydraulic and mechanical mock-up of the 
MTR. After the hydraulic tests were concluded, the 
LITR was loaded with active elements and converteH 
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Figure 17. Gamma -ray dose rate as a function of distance from the 
Bulk Shielding Reactor 



into a reactor. It has operated routinely at a power of 
1500 kw since May 1952 and 3000 kw since September 
1953. 

The LITR is a replica of the MTR except that the 
Be reflector, instead of being carefully machined and 
fitted together, consists of loosely stacked blocks. The 
cooling system of the LITR consists of two fan driven 
water-to-air radiators, each rated at 1000 kw at an 
inlet H 2 O temperature of 49C and an inlet air tem- 
perature of 32C. These radiators are supplemented 
on hot summer days by a tube and shell heat ex- 
changer using plant process water as a secondary 
coolant. The recirculated reactor water gives up its 
heat in these radiators and then flows back into the 
reactor. The exit water from the reactor is held up in 
a 2.6 X IO 4 liter surge tank in order to allow most of 
the N 16 activity to decay before the water enters the 
pumps and radiators. 

The LITR is one of the cheapest reactors per unit of 
flux. Its total cost to date has been approximately 
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Figure 18. Thermal-neutron flux as a function of distance from the Bulk 
Shielding Reactor 

$1.1 X 10 6 of which about $0.5 X 10 fl was the cost of 
the Be metal in the reflector. 

The Oak Ridge Research Reactor 

The Oak Ridge Research Reactor (ORR) (Figs. 19 




Figure 19 ORNL research reactor project 

and 20) is an attempt to rationalize the MTR design 
by further increasing the accessibility to the very 
high flux of the active lattice. The somewhat awkward 
control rod drive arrangement in the MTR with the 
rods entering from above is replaced by a bottom 
control rod drive system. The top of the ORR core is 
therefore more easily accessible for experiments. Since 
ORR is designed to complement existing facilities at 
ORNL, it is not provided with the large low flux space 
described on the MTR. 

In order to further increase accessibility, ORR is 
built in a modified swimming pool. There will be large 
experimental ports on two sides of ORR for large loop 
experiments, and one entire reactor surface, with 
entry from above, is available for irradiation-type 
experiments. The remaining vertical face of the reac- 
tor surface is shielded with water and concrete and 
is fitted out like the MTR with horizontal beam holes. 

ORR will be cooled by 758 liters of water per second 
passing through the lattice. This cooling water is sepa- 
rated from the shielding tank water of the pool by an 
aluminum tank. The entire reactor is so designed that 
it can be completedly removed and replaced if neces- 
sary, though the induced activity in the vicinity of the 
core will cause this to be a major operation. 

The power rating of ORR is 20 X 10 3 kw; it is esti- 
mated to cost $3.5 X 10 6 . 

A new principle of catastrophe containment will be 
tried at ORR. The building will be semi-tight; i.e., it 
can be maintained at a negative pressure relative to 
the outside greater than 1.27 cm of H 2 O; this will 
involve a purge rate of about 2300 liters of air per 
second. This air, after being washed, will be sent 
through the Laboratory's main 76 m stack. It is esti- 
mated that this "purge and wash" system can dissi- 
pate the products of a reactor "meltdown" in which 
the volatile fission products are released, with- 
out danger to the inhabitants of the surrounding 
countryside. 

Reactors with 20% Enriched Material 

Up to this point all of the reactors which have been 
described use highly enriched U 285 as fuel. The use of 
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Figure 20. Reactor and pool structure, horizontal section 



20% enriched fuel introduces some metallurgical 
problems, since the U-A1 alloy in Al is difficult to 
fabricate in the highly concentrated combination 
required with 20% reactors. Nevertheless a technique 
using a compact of UO 2 in Al for making "meat" 
material in fuel plate sandwiches has been devised at 
ORNL and is being described in detail in E. J. Boyle's 
paper, "MTR-Type Fuel Elements," P/953, Session 
18B, Volume 9, these Proceedings. 

A little work has been done on reactors of this type 
using 20% enriched material; preliminary results 
indicate that the critical mass does not increase sig- 
nificantly over that obtained using highly enriched 
material. This was verified in some experiments per* 



formed at the ORNL Swimming Pool. For example, a 
lattice containing 23 fuel elements arranged in a 
4X5 array with the three odd elements on one side 
had a critical mass of approximately 3560 grams with 
full water reflector on all sides. These fuel elements 
contained 170 grams of U 236 per element at an enrich- 
ment of 20%. A similar experiment with highly en- 
riched elements which contain 140 grams per element 
went critical with approximately 3460 grams. 

At first sight it may seem surprising that there is so 
little difference between the 20% enriched elements 
and the fully enriched elements. However it must be 
remembered that the 20% elements contain more 
uranium per element than the others; hence the 
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thermal utilization is better by about 4%. The reso- 
nance absorption is of course larger in the 20% reactor 
because there is more U 238 , but the layer of UO 2 in the 
fuel elements is about 0.6 mm thick. This is sufficiently 
thick to cause the first few U 238 resonances to be 
strongly self-absorbed, and therefore the resonance 
absorption is much less than it would be in a truly 
dispersed U 23S -H 2 O mixture. 

CONCLUSION 

The MTR-type closely packed water-moderated 
and cooled research reactors have proved to be ex- 
tremely useful irradiation sources. Such reactors have 
less space than do heavy water reactors, but this is 
the price that must be paid for their very high fast 
flux. The MTR-type reactors are extremely versatile 



many different lattice configurations are possible. 
Experience has shown that this versatility in some 
degree eases the experimental difficulties associated 
with irradiations in very small space. 
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The Swimming Pool Reactor and Its Modifications 

By W. M. Breazeale, R. G. Cochran,* and K. O. Donelian,t USA 



The aluminum-uranium alloy fuel elements, origi- 
nally developed for the Materials Testing Reactor, 
can be used in a variety of installations. These range 
from the design involving an assembly of such ele- 
ments suspended in an open pool of water to one 
in which the assembly is contained in a closed cylinder 
and cooled by forced circulation. 

The MTR type elements consist of Al-U alloy 
plates 7J cm wide and 60 cm long clad in Al and 
brazed into a fuel element approximately 7V cm 
square and 60 cm long. The number of plates can 
vary from 5 to 19 per element; the choice depending 
on the heat transfer surface required. The thickness 
of the plates is determined by the amount of uranium 
to be carried in one fuel element and has varied 
from 0.150 cm to 0.250 cm. Because of the lesser 
amount of aluminum, the elements with fewer plates 
require the smaller critical mass, but the power 
handling capacity is correspondingly reduced. 

In the pool type facility the required number of 
elements are placed vertically in an aluminum grid, 
or indexing plate, and immersed in a pool of light 
water. 1 - 2 A simple arrangement of reactor and pool 
is shown in Fig. 1. The water acts as moderator, 
coolant and biological shield. With convection cooling 
only, an active lattice consisting of twenty 10-plate 
elements can be operated at a power level of several 
hundred kilowatts without boiling. In fact, the maxi- 
mum practical operating power level probably will 
be determined by the rate of rise of the N lfl activity 
to the surface of the pool rather than by heat transfer 
considerations. Experiments with jet diffusers s which 
break up the rising column of activated water above 
the core and diffuse it in a horizontal direction demon- 
strate a substantial reduction in the surface activity 
when the reactor power level exceeds several hundred 
kilowatts. 

If higher operating powers are required, it is neces- 
sary to use forced cooling. A funnel can be fitted 
over the bottom of the grid and water from the pool 
drawn through the fuel elements, passed through a 
heat exchanger and finally returned to the pool. By 
drawing the water downward, the N 16 activity is 
moved further from the surface of the pool after 
which it partially decays while passing through the 
heat exchanger. The heat exchanger must be shielded; 
about 60 cm (2 feet) of ordinary concrete being 
sufficient when the reactor power is 1000 kw. 

* The Pennsylvania State University. 
t Nuclear Development Associates. 



The critical mass depends on the aluminum to 
water ratio and the reflector material. If the A1/H 2 O 
ratio is 0.5 and the active lattice is surrounded on 
all six sides by a water reflector, the critical mass 
is in the neighborhood of 3.3 kilograms of U 236 . 
Replacing the water on the four vertical sides by 
graphite or beryllium reduces the critical mass to 
about 2.2 kg. These quantities are for fuel enriched 
to about 90%. Decreasing the U 235 enrichment to 
20% results in only a slight increase in the critical' 
mass, provided the total amou.it of aluminum in the 
lattice is not increased. It appears that this may be 
accomplished by using a powder metallurgy technique 
in fabricating the plates in place of the aluminum- 
uranium alloy process. 

Characteristics of a typical lattice with a given 
loading are as follows: 



Type 

Power 

Kuel loading 

Average thermal neutron llux 

Average epi cadmium flux 

Average fast flux (> 1 Mev) 



Thermal 
100 kilowatts 
2.75 kilograms U 28ft 
0.8 X 10 ia n/cm*-sec 
2 X 10" n/cm 2 -sec 
0.3 X 10 12 n/cm 2 -sec 
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At a constant power level, the average fluxes are 
inversely proportional to the U 236 loading. 

The pool water forms the neutron and gamma shield 
above the reactor. The absorption of neutrons is 
much greater than the absorption of gammas and 
hence the depth required is determined by gamma 
shielding considerations. Close to the reactor, the 
attenuation length for fission gammas is about 20 cm 
but, due to hardening of the spectrum, this increases 
to nearly 40 cm at a distance of six meters from the 
reactor. Correspondingly, at a power level of 100 
kilowatts, five meters (16^ ft) of water and at 1000 
kilowatts six meters (19)^ ft) are required to reduce 
the dose rate at the surface to 7.5 X 10~ 8 r/hr. The 
fact that at high powers the depth of water required 
for shielding increases rapidly with the power level, 
means that shielding rather than cooling considera- 
tions set an effective upper limit to the power level 
at which an open pool reactor facility can be con- 
veniently operated. This upper limit beyond which 
the water becomes too deep for convenient operation 
probably is somewhere in the neighborhood of 2000 
kilowatts. 

It is possible to reduce somewhat the depth of 
water required for shielding and still preserve the 
flexibility of this type of active lattice by supplying 
lead caps on the tops of the individual fuel elements. 
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Figure 1. Open pool reactor 



In order to permit circulation of cooling water, the 
caps must consist of a series of offset steps. If the 
average thickness of these caps is 7^2 cm, the gamma 
intensity at the surface is reduced by a factor of 
about four. 4 

The use of light water for the moderator permits 
the smallest size active lattice and provides the 
highest ratio of fast neutron flux to thermal flux. 
This is particularly important to experimenters who 
are interested in carrying on radiation damage experi- 
ments requiring fast neutrons. Also the design is 
extremely simple since the same water serves as 
moderator, coolant and shield. It has been shown 
that active lattices of the size discussed above have a 
negative coefficient of reactivity with respect to 
steam voids formed in the core. Experiments have 
demonstrated that if the reactor is left on a rising 
period, corresponding to excess reactivities less than 
two per cent, the reactor will simply boil. The steam 
formation prevents the average power level from 
increasing to more than a megawatt or two. Thus the 
accidental introduction of excess reactivities of the 
order of two per cent would not injure the lattice. 



The control and safety system, originally developed 
for the Materials Testing Reactor, has been modified 
into a standard package for use with this type of reac- 
tor. A description has been published. 6 The control 
system is a relatively simple "on-off" servo which 
receives a signal from a compensated]! ion chamber. 
The servo motor drives a stainless steel absorbing rod 
worth 0.5 per cent in reactivity. 

The safety system provides three or four boron car- 
bide filled absorbing rods, worth 2% to 3% each in 
reactivity, depending on location in the lattice, and 
which are dropped into the reactor to shut it down. 
These rods are suspended from electromagnets which 
in turn are excited by vacuum-tube power amplifiers. 



J A "compensated" chamber contains two sensitive volumes 
or cups of approximately equal size connected in opposition. 
One cup is coated with boron; the other is not. Thus the current 
collected from the first cup is proportional to the neutron plus 
gamma flux and the current from the second proportional to 
gammas only. The net current is then that due to the ionization 
caused by the neutron flux alone. With careful adjustment of 
the compensation, the output of current from the compensated 
chamber can be made proportional to the neutron flux over a 
range approaching 10* even in the presence of a strong gamma 
flux from the fission products. 
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The bias applied to the grid of these amplifiers is deter- 
mined by the current from an uncompensated ion 
chamber. Increasing the neutron flux results in a de- 
crease in the magnet current and at a predetermined 
point the absorbing rods are released. A differentiating 
circuit connected to a compensated ion chamber pro- 
vides a signal proportional to the reactor period, (the 
time derivative of the neutron flux). If this signal is 
larger than some predetermined amount, indicating 
that the reactor is on a dangerously fast period, the 
circuit also acts to release the safety rods. This action 
is effective from 0.001 per cent of full power to full 
power. 

Designers in the United States have used the 
"standard" reactor and control system outlined in the 
foregoing section as the basis for a number of low-cost 
research reactor facilities to operate in the power range 
up to a megawatt or two. Construction of some of 
these facilities has already been completed. Although, 
in general, the reactor and control system are the same, 
a wide variety of shielding and experimental equip- 
ment designs have been introduced. Description of 
several representative designs follows. 

I. LARGE OPEN POOL REACTORS 
The Bulk Shielding Facility 

This is at the Oak Ridge National Laboratory." This 
facility was completed in 1953 and is the original of all 
open pool reactors. The facility consists essentially of a, 
pool 6 meters (20 ft) wide, 12 meters (40 ft) long and 
6 meters (20 ft) deep in which the active lattice is im- 
mersed. The main use has been to determine the 
characteristics of various shielding arrangements. 
Normal operating power level is 100 kw but short 
time experiments have been run at appreciably higher 
levels. 

The Pennsylvania State University Facility 

This facility, with the exception of the "hot" 
laboratory wing, is essentially completed. Eventual 
operation at a power level of 1000 kw will provide an 
average thermal neutron tlux approaching 10 '* nv. 
The facility consists of the following parts: 

The reactor and controls which arc similar to those 
discussed earlier and which will be on exhibition at the 
Geneva meeting. 

The pool and shield are similar to those in Fig. 1. 
The pool is 9 meters (30 ft) long, 4VJ meters (15 ft) 
wide, and 7.2 meters (24 ft) deep and is placed endwise 
in the side of a hill so that earth forms the shielding on 
three sides, The side through which the beam holes 
extend is protected by a high-density concrete shield 
(not shown in Fig. 1) about 1 meter (3>2 ft) thick 
poured against the pool walls. The pool is equipped 
with a removable gate which divides it into two sec- 
tions making it possible to drain one-half of the pool 
while the active lattice is stored in the other half. The 
rear half of the pool also serves as a " canal'* for stor- 
age of radioactive samples. 

The building, shown in Figs. 2 and 3, consists of the" 



reactor room 18 meters (60 ft) long, 10}- meters 
(35 ft) wide and 10> meters (35 ft) high, a two floor 
office and shop wing and a second similar wing housing 
a "hot" laboratory. Two shielded enclosures or 
"caves" with concrete walls and ceilings two feet 
thick are provided on the ground floor of the "hot" 
laboratory wing where they rest on bed rock. These 
caves will be equipped with manually operated, re- 
mote handling equipment, stainless steel drip pans, 
drains to a waste hold-up tank and other apparatus 
necessary in such a facility. 

Experimental facilities, in addition to the "hot" 
laboratory, include a transportable graphite thermal 
column, fast and slow pneumatic rabbits, and other 
irradiation facilities. 

Construction (with the exception of the "hot*' 
laboratory where detailed cost estimates have been 
prepared) is essentially completed. Records indicate 
the following costs: 7 

$ 

14,352 
134,483 
32,450 
26,675 
76,000 
24,000 



Design 

Present building 

Pool and shield 

Utilities, roads and fencing 

Reactor and control 

Experimental facilities 

Future "hot" lab and equipment 



(estimate) 155,000 
462,960 

The facility will be used both for instruction and 
research. The projected research program includes 
neutron diffraction studies, neutron and gamma 
spectrosropy, radio-tict.ivat.ion analysis, short-lived 
radioisotope production, radiation damage studies, 
radiation chemistry, biochemistry and biology. 

The Naval Research Laboratory Reactor Facility 

This facility was designed by the staff of the Naval 
Research Laboratory. It is expected that construction 
of this facility will be completed in 1956. 8 This facility 
differs from the Pennsylvania State University design 
in two important respects. First, the pool walls are 
entirely above the level of the ground floor (Fig. 4) 
and therefore are much thicker to provide the neces- 
sary shielding from gamma rays. Second, the reactor 
core can be moved into a slot at one end of the pool 
(Fig. 5) where it will be surrounded on three sides by a 
graphite reflector. A graphite thermal column and five 
beam holes radiate from this position. 

When the active lattice is in position adjacent to the 
thermal column and beam holes, empty positions in 
the grid can be filled with graphite shapes canned in 
aluminum which have the same outline as the fuel 
elements. Thus, any space between the active lattice 
and the thermal column can be taken up with graphite 
and neutron absorption in water reduced to a mini- 
mum. At the operating power level of 100 kilowatts, 
the heating of the graphite by fast neutrons and 

Does not include uranium or the cost of any experimental 
equipment. 
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Figure i. (At lop) The Pennsylvania State University reactor facility, basement and laboratory 
Figure 3. (At bottom) The Pennsylvania State University reactor facility: main floor 
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Figure 4. Proposed NRL research reactor facility 
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Figure 5. Naval Research Laboratory reactor 
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gammas is sufficiently small so that no especial cooling 
is required. The average heat dissipated in a canned 
graphite reflector piece against the active lattice is in 
the neighborhood of 0.02 watts/cm 8 and in the thermal 
column behind 15 cm of canned graphite pieces is well 
under 0.01 watt/cm 3 . It is expected that this heat will 
be conducted to the faces of the reflector pieces or 
thermal column and dissipated in the pool water. 

Normally the core will be operated in the location 
adjacent to the thermal column where it will furnish 
neutrons for the usual experimental program. The re- 
actor can be moved out into the pool making it pos- 
sible to carry out transmission and absorption meas- 
urements through large samples of materials. In this 
position the active lattice can be either entirely water 
reflected or partially graphite reflected. The latter is 
accomplished by placing aluminum cans filled with 
graphite in the empty holes in the bottom grid around 
the active lattice. 

Research reactors somewhat similar to the Penn 
State design, except that the pool is above ground, are 
being built by the University of Michigan (designed 
by Babcock and Wilcox Company) and Battellc 
Memorial Institute (designed by American Machine 
and Foundry Company). Completion of both is sched- 
uled for 1956. 

II. REACTORS IN SMALL OPEN POOLS 
Reactor for Metallurgical Research 

This reactor was designed by the Bendix Aviation 
Corporation. This facility is an example of a design in 
which the active lattice is suspended in a concret e tank 
of light water. 9 The facility is intended primarily for 
use as a source of neutrons for neutron diffraction ex- 
periments and general irradiation work. No bulk 
shielding work is planned and, unlike the facilities 
described previously, the reactor itself cannot be 
moved. 

A three-dimension sketch of the reactor and tank is 
shown in Fig. 6. The inner diameter of the tank is ap- 
proximately 3 meters (10 ft) and is determined by the 
requirement that there be sufficient water between the 
active lattice and tank walls to keep the latter from 
becoming seriously activated. The tank walls provide 
the bulk of the gamma shielding. Opposite the core, 
the walls are 1.5 meters (5 ft) thick and are made up of 
JO cm of ordinary concrete and 120 cm of very dense 
concrete. This latter contains as aggregate a mixture 
of limonite ore, magnetite ore and iron punchings 
which produces a density approaching 4.4 grams/cm 8 . 
Six and one-half meters (21 ft) of water above the ac- 
tive lattice provides the shielding in the vertical direc- 
tion and is sufficient to reduce the gamma radiation to 
2 X 10^ 3 r/hr at the surface with a reactor power of 
1000 kw. 

The annular depression extending part of the way 
down inside the shield provides a space for under- 
water storage of active materials including the fuel 
elements. Thus the reactor core can be completely 
unloaded, the tank drained and personnel can enter 
the tank should internal repairs become necessary. 



The tank holds only 75,000 liters of water, as op- 
posed to 350,000 liters or more in the larger pools, and 
hence its heat storage capacity is not great. Forced 
circulation cooling is employed at all power levels 
above a few kilowatts so that the heat will be dissi- 
pated in the external heat exchanger. This is necessary 
to insure that the tank water remains at a reasonable 
temperature. 

No firm date for the construction of this facility has 
yet been set. 

A similar facility is now being designed for the 
AEC's Liver more, California, laboratory. The chief 
innovation in the Livermore facility is the addition of 
two graphite thermal columns extending from opposite 
sides of the tank to the reactor core. 

III. REACTORS WHICH ARE 
COMPLETELY ENCLOSED 

Medical Research Reactor 

This reactor was designed by Nuclear Development 
Associates. Early experiments by L. E. Farr, M.D., 
Chairman of the Medical Department at Brookhaven 
National Laboratory, using neutrons from the lirook- 
haven graphite pile indicated that beneficial effects 
may be obtained by neutron bombardment of malig- 
nant tumors in which boron has been concentrated. 
The facility to be described here incorporates special 
features which are important to such medical and bio- 
logical research. It provides a strong source of neu- 
trons which can be adjusted over the energy range 
from thermal to about 8 kev thus permitting the 
treatment of deep-seated tumors as well as those near 
the surface. In addition, the gamma rays at the treat- 
ment locations are strongly attenuated. The design 




Figure 6. Reactor for metallurgical research 
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Figure 7. Perspective of medical research reactor 

also provides two animal cells where animals may be 
subjected to neutron irradiation and an experimental 
hole intended for instrument development work. 

A three-dimension sketch of the reactor and associ- 
ated facilities is shown in Fig. 7. If The reactor, consist- 
ing of the usual assembly of aluminum-uranium fuel 
elements, is reflected on all sides (except the top) by 
100 cm of graphite. Jt is cooled and moderated with 
light water. The dcmineralized cooling water flows 
through the core 1 in two passes and then through the 
primary heat exchanger 5 installed at the top of the 
active lattice. Grid positions not required for fuel arc 
filled with close fitting aluminum clad graphite blocks 
thus keeping the amount of water between the active 
lattice and rellector to a minimum. A cast-iron lop 
plug, through which the control and safety rod actu- 
ators pass, can be removed to provide access to the 
core. The well left by the removal of the top plug when 
filled with water provides sufficient biological shield- 
ing against fission product gammas after a few hours 
decay, to enable personnel to work safely from a posi- 
tion above the water. The control and safety system is 
similar to that discussed earlier in this paper. 

When the reactor power is 1000 kw, the heat gen- 
erated by gammas and neutrons in the portion of the 
graphite rellecior next to the active lattice is 0.5 wait/ 
cm 3 and some t ype of forced cooling is indicated. (The 
heat generation decreases more or less exponentially 
according to e- - 17 *, where x is the distance in centi- 
meters from the face of the active lattice.) Water cool- 
ing of the graphite is undesirable because of the ab- 
sorption of neutrons in the water channels. Air cooling 
does not involve appreciable neutron loss but does re- 
quire that the surface temperature of the graphite be 
kept below 210C to prevent oxidation. Air drawn 
from the outside is forced through channels machined 
in the graphite. The total air flow is 110 cubic meters 

f Numbers shown in italics correspond to parts in this figure. 



per minute and the increase in temperature is 75C. 
Activity produced in the air is largely the argon-41 
isotope with a half life of 1.8 hours. When the average 
reactor power is 20 kilowatts, about half a curie of this 
activity is formed in 24 hours. The activated air is ex- 
hausted up a stack. 

The reactor and cooling system are designed for 
peak powers of 1000 kw, although the operating cycle 
will be such that the long-time average power level 
will be somewhat lower, depending on demands of the 
research program. The fuel loading is 2.5 kilograms of 
U 236 . Details of the reactor and primary cooling sys- 
tem are shown in Fig. 8. Forced convection cooling is 
employed at all times regardless of the reactor power 
level. 

"Details of some of the special features peculiar to 
the facility's use for medical work follow (see Fig. 7). 
Two neutron therapy ports, 3 A 3B (thermal columns 
of graphite and D 2 O) are supplied. These ports are 
50 cm in diameter, 95 cm long and penetrate approxi- 
mately 50 cm into the graphite. Bismuth curtains are 
used to slow the fast neutrons by inelastic collisions 
and to attenuate the gamma rays as much as possible 
without materially reducing the neutron flux. After 
leaving the core, the neutrons pass through the follow- 
ing materials. 

Matrnal Thirknf*** 

Graphite 15 cm 

Bismuth 35 cm 

T) a () Variable from to 15 cm 
Graphite 35 cm 

Bismuth 10 cm 

When the D 2 O tank is filled, the neutron flux is 
essentially thermal. Draining the tank reduces the 
moderation so that about half the flux is in the thermal 



Heat 
exchanger 




D 2 tank 



Patient shield 



Figure 8. Section through medical research reactor 
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region and the rest rather uniformly distributed over 
the energy range up to 8 kev. For deep-seated tumor 
bombardment a boral shield at the treatment port 
removes the thermal neutrons and the patient receives 
practically his entire dose in epi-thermal neutrons. 
With the reactor power level at 1000 kw and the D 2 O 
tank filled, the thermal neutron flux emerging from the 
port is about. 5 X 10 10 nv. The corresponding fast neu- 
tron dose and the gamma dose are about 20 rem per 
minute each. Removing the D 2 O completely raises the 
fast neutron dose to 70 rem per minute. 

The therapy ports pass through a "patient" shield 
2 which replaces the concrete on the bottom and the 
side where the ports are located. The side shield begins 
at the outer surface of the graphite reflector 4 and 
consists of 56 cm of steel, lead and boron impregnated 
plastic laminations in the following order; 0.6 cm steel, 
10 cm lead, 17.5 cm laminated lead and borated 
plastic, 10 cm lead, 17.5 cm laminated lead and 
borated plastic and 0.6 cm steel. It is designed to 
minimize the whole body irradiation while permitting 
a maximum neutron flux at the desired location. The 
fast neutron dose at the outside of this shield is about 
2 rem per minute and the gamma ray dose 10~~ 2 rem 
per minute. The bottom shield is somewhat lighter 
and the dose rates through this shield are approxi- 
mately ten times as greit. 

The two rooms for full scale irradiation of animals 6 
are separated from the reactor only by the graphite 
reflector. At full powr the thermal neutron flux enter- 



ing these cells is approximately 10 11 nv and the gamma 
ray intensity in the neighborhood of 10 B rem. The 
walls of the rooms are high-density concrete 1J^ 
meters thick and form part of the biological shield for 
the reactor. The number and location of such rooms 
and of the treatment ports may be changed to provide 
other design geometries which may be desired. 

The design work described above was performed 
under a contract with the Brookhaven National 
Laboratory. Construction has not yet been authorized. 
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Mr. V. V. VLADIMIRSKI (USSR) presented paper 
P/623, except for the part on exponential experiments, 
which was presented in session 21 A. 

Mr. J. YVON (France) presented paper P/387. 

Mr. W. ZUNTI (Switzerland) presented paper P/915. 

DISCUSSION OF PAPERS P/623, P/387, P/915 

The CHAIRMAN: We will now have a discussion on 
these three papers. First of all, there are a few ques- 
tions directed to Mr. Vladimirski. 

Mr. M. V. LIGHTENS KRGER (USA): I should like to 
address a question to the author of the first paper. 
What means are used to keep the heavy water clean 
and at the desired pH or pD ? 

Mr. VLADIMIRSKI (USSR) : Purification of the heavy 
water is accomplished by distillation only, hut since 
the composition of the heavy water changes little, we 
do this very rarely. The reason for the constancy of 
the chemical composition is that there is a layer of an 
inert gas, helium, over the heavy water. 

Mr. W. H. ZINN (USA): I note in a footnote in the 
paper prepared by Mr. Vladimirski and his associates 
that the tank had to be replaced once in 1953. Would 
he care to comment on what occasion there was this 
necessity for replacing the tank and if this operation 
caused much difficulty? 

Mr. VLADIMIRSKI (USSR) : The reason for replacing 
the reactor tank was a small accident, which I can tell 
you about in detail. 
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In 1953 we noted an increase in the activity of the 
gas. Analysis showed the presence of fission products 
in the helium, which indicated failure of the uranium 
rod covering. We decided to replace the uranium rods. 
After the reactor had cooled, all the uranium rods 
were withdrawn and two of them proved to have 
damaged canning. One of the rods had expanded some- 
what and would not come out through the top plate. 
During attempts to pull it out, it broke and damaged 
the bottom of the reactor tank. The rod was finally 
removed through the central experimental tube, the 
diameter of which was large enough to permit with- 
drawal of the rod. After this incident, the top cover 
(shield) of the reactor was demounted and the alumi- 
num tank was replaced. In fabricating the reactor, we 
prepared two new replacement tanks. Some difficulty 
was encountered in disconnecting the bottom packing 
under the reactor, where the gamma activity reached 
700 microroentgen per second. Appropriate protective 
measures were taken and the work was quickly 
accomplished. 

Mr. ZINN (USA): I should like to thank Mr. Vladi- 
mirski for his explanation for the reason that all of us 
who operate research reactors or other reactors worry 
about just such incidents. Although one has made pro- 
vision for taking care of them, it is only when they 
happen that one really finds out what it takes to cope 
with them. 

Mr. D. G. HURST (Canada): I would be interested 
if Mr. Vladimirski could give some details of the modi- 
fications they plan to make to the heavy water reactor. 
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I think he spoke of future plans to get higher flux 
without raising the power. We would be interested in 
having these details. 

Mr. VLADIMIRSKI (USSR): After reconstruction, we 
plan to use not ordinary uranium but uranium en- 
riched to 2 per cent. A much smaller quantity of 
uranium approximately 250 kg will be used in the 
modified reactor. Cooling of the uranium will be more 
intensive, inasmuch as the uranium elements will be 
made in the form of rings which will be cooled from 
both outside and inside. The total power of the reactor 
will be increased to about 3 megawatts. The thermal 
neutron flux is expected to increase approximately 
tenfold. Appropriate measures will be taken to detect 
dangerous variations of the neutron flux in each 
channel. Cooling of the uranium elements will be ac- 
complished by forced flow rather than by natural 
circulation, as is the case in the present reactor. 

Mr. B. I. SPINRAD (USA): Inasmuch as the power 
to which a reactor will rise during an excursion de- 
pends not only upon the amount of reactivity but the 
rate at which it is added, I should like to ask the 
following question of Mr. Vladimirski. What is the 
maximum rate of withdrawal of the regulating rods in 
terms of per cent change in reactivity per unit time 
and what limits this rate? 

Mr. VLADIMIRSKI (USSR): The total reactivity of 
the four control rods amounts to about 1 to 1.5 per 
cent, depending on the level of the heavy water. The 
rods can be withdrawn in about half a minute. I am 
sorry I cannot be more precise, I just don't recall the 
exact figures. 

Mr. V. O. ERIKSEN (Norway) : I should like to put a 
question to Mr. Vladimirski. Has he measured the 
mean lifetime of thermal neutrons in the reactor and is 
there any difference in this mean lifetime if you fill the 
"thermal pit" inside the reactor with uranium? 

Mr. VLADIMIRSKI (USSR): Obviously if the uranium 
rods are in the region of the " thermal pit" the lifetime 
of the thermal neutrons is much shorter. Precise 
measurements of the neutron lifetimes in heavy water 
were not made and in our work we relied on the reports 
of Moon et a/., published in Canada. 

The CHAIRMAN: There are two questions directed to 
the paper of Mr. Yvon. 

Mr. C. K. BECK (USA): The problem was men- 
tioned of the necessity to eliminate argon from the 
circulating carbon dioxide gas. My first question re- 
lates to the problem of activity build-up due to other 
impurities such as dust which accumulate in the 
routine operation of the gas-handling equipment. 

The second question relates to the consequences in 
case a fuel element should rupture. Have such in- 
stances occurred? What levels of activity were 
reached, and how was the carbon dioxide gas cleaned 
up after such fuel element rupture? 

Mr. YVON (France): In reply to the first question, 
we have indeed noted when we disassembled the tub- 
ing the presence of dust and in particular traces of 



what were probably iron particles. But the activity of 
this dust is not troublesome either during shutdown 
or in the vicinity of the blowers when the pile is in 
operation. 

I regret that I can contribute nothing instructive in 
reply to the second question, because we have had no 
cases of rupture; the situation has not arisen. 

Mr. R. LILJEBLAD (Sweden): In the system with com- 
pressed gas, Mr. Yvon said that they could not get it 
quite tight. I wonder if it would not be possible to get 
it tight if all joints were welded and if the motors for 
the blowers are included in the high-pressure system 
with only so much tightening between the motors and 
the blowers that you have no direct circulation be- 
tween the cool gas of the motors and the hot gas in the 
blowers. 

Mr. YVON (France) : I believe it is possible to achieve 
perfect tightness of the system. However, in the case 
of an experimental pile, the method we adopted 
has the advantage that the equipment is easy to 
disassemble. 

The CHAIRMAN: Finally, there is a question on the 
paper presented by Mr. ZUnti. 

Mr. H. J. GROUT (UK): I should like to put a ques- 
tion to Mr. Xunti about the proposed Swiss research 
reactor. He states that this is a 10 megawatt reactor 
and that 9 metric tons of heavy water are required in 
the reactor core while the external cooling circuit 
needs 0.8 tons. Would he like to comment on how this 
very low figure of 0.8 tons has been achieved for a heat 
dissipation of 10,000 kilowatts, and on special heat 
exchangers? 

Mr. ZUNTI (Switzerland): We will make use of 
aluminum heat exchangers of a very careful design. 
I think it is possible to have this low figure. 

Mr. D. H. GURINSKY (USA) presented paper P/860. 
Mr. L. D. P. KING (USA) presented paper P/488. 

DISCUSSION OF PAPERS P/860 AND P/488 

Mr. R. F. JACKSON (UK) : I should like to ask Mr. 
Gurinsky what experience they have had with burst 
cartridges, and whether this has influenced their 
decision to go to a new design of fuel charge; and 
further, when they have adopted this new charge, 
what are the relative running costs of fuel burnup and 
pumping power compared with their old charge 
arrangement? 

Mr. GURTNSKY (USA): I am not sure that I can 
answer that question completely. Our experience with 
the fuel has been that we have had three bursts which 
permitted fission product activity to appear in the 
exhaust ducts. However, this does not mean there 
have not been any other leaks detected. These other 
leaks were of such small size that no fission products 
appeared in the exhaust chamber. I think it can be 
said that the decision to go to the enriched fuel ele- 
ment is not based on difficulties with our present fuel 
element; rather, it is due to the pressure applied to the 
operating people by the research people to get higher 
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and higher fluxes. No reactor is good the day it is built 
as far as its flux is concerned. 

With respect to the costs of operation, if one does 
not figure in the initial cost of the U 235 , it is expected 
that the pumping power will be somewhat reduced, 
and if new fans are installed there will be a further 
reduction in the actual operating cost; but these costs 
are all interdependent on the extent to which we re- 
design the pumping system. 

Mr. ERIKSEN (Norway): My question is more or 
less similar. It is: How often do you observe ruptures 
of your canning in the Brookhaven Reactor, and what 
is the main reason for them? 

Mr. GURINSKY (USA) : The frequency of appearance 
of leaks is higher in the central region, which is the 
high flux region, and this, we think, is due to the higher 
heat flux to begin with. Secondly, it is due to the much 
higher flow of gas. I would say fully 50 per cent of the 
material now in the reactor is the same material which 
went into the reactor. That does not mean that the 
other 50 per cent leaked; there were other reasons for 
removal. 



Mr. Y. G. NIKOLAEV (USSR) presented papers 
P/621 and P/622. 

Mr. A. M. WEINBERG (USA) presented paper 
P/490. Towards the end of his presentation he made 
the following statement regarding the use of 20% 
enriched uranium in MTR-type fuel elements. 

I am happy to be able to state to this Conference 
that I have just received information from my country 
that sample UO 2 -aluminum 20 per cent enriched fuel 
elements of the type which will be available to foreign 
countries have now been tested both in the LITR and 
in the MTR. The LITR tests, which are at a flux of 
about 2 X 10 13 , have run to a total nvt of 8.!^ X 10 19 . 
The tests in the MTR, which are at a flux of 2 X 10 14 , 
have now run to a total nvt of 30 X 10 l9 . No failures 
have been encountered in either case. 15 X 10 19 
corresponds to 10 per cent burn-up. 

DISCUSSION OF PAPERS P/621, P/622 AND P/490 

Mr. MUMMERY (UK) : In Mr. Nikolaev's first paper, 
P/621, he showed a curve of the variation of reactivity 
with change of water temperature. I must confess that, 
at first sight, I do not really understand the shape of 
the curve. I am wondering if, in fact, this curve repre- 
sents the effective temperature, neglecting the effect 
on the slowing down area in the reactor. 

Mr. NIKOLAEV (USSR) : In reply to this question, I 
should like to say that this non-monotonous variation 
of the reactivity with temperature would appear to 
result from the opposing effects of temperature on the 
coefficient of thermal utilization of neutrons on the 
one hand and the neutron age (the value of T) on the 
other. It must be borne in mind that the curve was 
plotted for the case where approximately 1 per cent of 
the reactivity was compensated by the control rods. 

Mr. B. I. SPINRAD (USA): In P/621, Mr. Nikolaev. 
showed a curve of a flux distribution in a lattice cell of 



the reactor. I noticed, however, that there were no 
points within the fuel rod itself. I am wondering if he 
did experimental work in this regard or whether he 
used theory for his work. If the latter is the case, what 
type of theory was used? 

Mr. NIKOLAEV (USSR): No measurements of the 
variation of thermal neutron flux were made inside the 
fuel elements. The variation was calculated using con- 
ventional diffusion theory with the necessary correc- 
tions. The value of the coefficient of thermal utiliza- 
tion of neutrons, 8, was found to be 0.81 for this lattice 
spacing. 

Mr. MUMMERY (UK): With regard to the second 
paper, P/622, and the achievement of a power level of 
2000 kilowatts from the reactor, I should like to ask if 
this means that the uranium used in the fuel element 
will be combined in an alloy in order to achieve a large 
amount of irradiation. 

Mr. NIKOLAEV (USSR): In reply I should like to 
say that in contrast to the fuel elements used in the 
United States reactors, the elements used in both the 
reactors actually operating, and in the planned re- 
actor, consist of uranium and uranium oxide with 
magnesium. 

Mr. GROUT (UK) : My question is for Mr. Weinberg. 
In connexion with the beryllium reflector or experi- 
mental space around the MTR reactor, Mr. Huffman 
mentioned yesterday* that considerable modifications 
had been made to the reflector and that some sections 
of it had been replaced by aluminium. Could Mr. 
Weinberg state what these modifications were and 
why they were made? 

Mr. WEINBERG (USA): I think that Mr. Huffman 
was referring to the so-called removable part of the 
beryllium reflector. The number of lattice spaces avail- 
able in the MTR is forty-five. In actual operation not 
all of these are filled with fuel. The remaining spaces 
are filled with what we call beryllium-A pieces, which 
have the same over-all dimensions as fuel but are 
made of beryllium. I believe that this is the beryllium 
which Mr. Huffman referred to as removable. 

Mr. P. SCHMID (Switzerland) : I should like to ask 
Mr. Weinberg what kind of slowing down theory is 
suited for criticality calculations of beryllium-reflected 
MTR-type reactors. 

Mr. WEINBERG (USA): We have had very good 
luck, as it were, with the simple two- and three-group 
diffusion theory. I believe that the main reason for 
this is that most of the neutrons which escape into the 
reflector in a reactor of this sort are fast neutrons. 
From this point of view one might expect that a one- 
group model would be fairly adequate. The trick in 
getting good results, of course, depends upon estab- 
lishing the correct over-all boundary conditions for the 
fast group of neutrons. This means that one gets good 
results if one carefully computes the average mean free 
path for fast neutrons in the reflector and in the 
lattice. 



* P/485, session 8A. 
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Mr. N. S. KALITSIN (Bulgaria): I have a question Mr. NIKOLAKV (USSR): The air will not be danger- 
regarding the two reactors described by Mr. Nikolaev. ous, since the level of activity will not be high. The 
If I understood him correctly, he said that radioactive figures for the operating reactor refer to the activity of 
air from these two reactors will be discharged into the argon, which does not exceed a few hundredths of a 
atmosphere. What is the level of radioactivity of this curie per hour. In the case of the planned reactor, 
air, and will it not be dangerous to the population in the level of activity will be higher and will amount to 
the vicinity? a few tenths (of a curie per hour). 
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Reactor for Physical and Technical Investigations 

By G. N. Kruzhilin,* USSR 



1. INTRODUCTION 

The reactor for physical and technical investigations 
(RPT) was designed to be a source of neutrons for 
physical experiments and for testing fuel elements for 
new nuclear power reactors. The heat output of the 
reactor is 10,000 kw. The maximum intensity of the 
thermal neutron flux in the centre of the core is ap- 
proximately 8 X 10 13 neutrons/cm 2 per sec. Graphite 
and water are used as moderators, enriched uranium 
as fuel. Two beams of neutrons emerge from the sur- 
face of the core, two other beams from the reflector. 
Five channels of large diameter contain "loops." The 
latter have independent cooling drcuits and are de- 
signed for testing the elements of constructions (fuel 
element units) of nuclear t viwcr reactors on full scale 
and under true operating conditions. Six channels of 
smaller diameter are designed for experimental fuel 
elements and for irradiation of samples with fast and 
thermal neutrons and gamma rays. The graphite 
column serves to produce an intensive thermal neutron 
beam. The reactor has a biological shield for the safety 
of the personnel. A hot laboratory, with special shield- 
ing for the safety of the personnel and remote control 
and manipulators has been provided. It enables one to 
conduct chemical and metallographic investigations of 
fuel elements and samples irradiated in the RPT, and 
of highly radioactive materials. 

The reactor went into operation in April 1052 and is 
working successfully at the present time. 

I. 1. Gurcvich and S. M. Feinberg suggested the 
physics design of the reactor. 

P. E. Ncmirovsky did the calculations of critical 
mass and shielding of the reactor. 

M. I. Pevzner and M. K. Romanovsky determined 
the physical parameters of the reactor. 

S. A. Skvortsov and others worked out the thermal 
aspects of the installation. 

A number of USSR Ministries participated in the 
engineering part of the design and the fuel elements. 

V. V. Goncharov, G. N. Kruzhilin and E. N. 
Eabulevich were in charge of starting and running the 
reactor. 

When the design of the RPT reactor was in the 
initial stage of preparation, the reactor was meant to 
be used for obtaining intensive neutron ilux and for ir- 
radiating samples of various materials and small fuel 



* The paper was prepared on the basis of the data available 
at the Academy of Sciences of the USSR. 
Original language: Russian. 



elements of future power reactors. For this purpose an 
installation was designed with a water moderator and 
with water as a coolant. The core of the reactor had 
the shape of a cylinder, 45 cm in height and 45 cm in 
diameter. The lattice consisted of vertically arranged 
cylindrical rods (0.5 cm in diameter) of enriched 
uranium (15% U 236 ). In the horizontal plane, the lat- 
tice was square, with 1.5 cm spacing. A current of 
water was to flow over the lattice with a velocity of 
3 m per sec to obtain a heat output of 10,000 kw. The 
maximum neutron flux was expected to be about 
1.1 X 10 U neutrons/cm 2 /sec in the centre of the core 
and nearly 2 X 10 14 neutrons/ cm 2 per sec in the 
central cavity filled with water. 

To find the constructive and hydrodynamic charac- 
teristics of this reactor, a full scale model (Fig. 1) was 
constructed, with a circulation in the circuit of 2000 
cubic metres of water per hour. A core with a mobile 
part (Fig. 2) was set up, the purpose of this mobile 
part being to adjust reactivity and ensure safety. 

This test model operated in the course of the spring 
of 1950. Some time later, in the summer of the same 
year, a number of other tests were put into operation. 
On these, the fuel elements, in actual size and placed 
in the water flow, were heated electrically. The be- 
haviour of fuel elements under heat flows up to 
8.10" kcal/m a per hour, with a water velocity of up to 
12m per sec, were investigated in these tests. 

As the work of designing nuclear power reactors was 
being conducted on a growing scale, the programme of 
testing the designs of fuel elements had to be consider- 
ably extended. It became necessary to provide the 
designed reactor with a possibility for testing, in 
actual size and under true operating conditions, the 




Figure I. Test model 
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FIgur* 2. Mobile and stationary parts of the core 

fuel elements of future power reactors with water 
(under high pressure), liquid-metal, and air cooling. 

For this purpose it was necessary to make channels 
with independent circulation circuits, which later on 
were given the name "loops." It is difficult to arrange 
these channels in such a small reactor with a water 
moderator, as they would occupy a considerable part 
of the core. It was then decided that the reactor should 
be designed with a graphite moderator, and that 
water moderator would be used only partly. 

The new design led to larger dimensions of the core, 
in which it was much easier to find place for the 
" loops. " The work on the reactor with a water 
moderator had been continued for other purposes. t 

The engineering design of the reactor with graphite 
and water moderator was completed in September 
1950, and al once the preparations for the construc- 
tion and the setting up of the installation were started. 
The manufacture of the fuel elements, which under- 
went prolonged thermal tests, on tightness of the 
canning and physics tests, was completed in March 
1952. Initial operations of the reactor were carried out 
in April 1952, after which it was ready for use. For 
half a year the reactor worked at comparatively small 
power (10-30 per cent of the design power) and was 
used exclusively for physics experiments. At that 
time, full-power operation of the reactor was not 
economical since the "loops" were not ready for use. 

t See the report by Y. G. Nikolacv: "Experimental Nuclear 
Reactor with Ordinary Water and Enriched Uranium," P/621_ 
session 9A. 



In December 1952, when the first "loop" for testing 
fuel elements of power reactors with high pressure 
water cooling was completed, the reactor started oper- 
ating at full power, equal to 10,000 kw. Later on two 
"loops" were installed whose purpose was to in- 
vestigate constructional elements of reactors, with 
water cooling under high pressure, and with liquid- 
metal cooling, respectively; still later two other 
"loops" were put in for testing under operating condi- 
tions fuel elements of nuclear power reactors with air 
and water cooling. 

Concurrently with the operation of the "loops," ex- 
perimental physics investigations have been carried 
out. Two mechanical velocity selectors for the meas- 
urement of neutron cross sections were installed at the 
neutron beam channels. A 7-spectrometer for in- 
vestigating thermal neutron capture 7-ray spectra and 
an installation for studying the electron-proton angu- 
lar correlation in the 0-decay of the neutron were also 
built. A graphite column, with a set of neutron coun- 
ters forming a system insensitive to the scattering of 
neutrons in samples under inve jligation, has been used 
for improving measurements of neutron absorption 
cross sections and resonance integrals. There is also a 
number of other installations for physics investiga- 
tions at the reactor beam holes. 

Samples of constructional materials (stainless steel, 
aluminium and others) have been placed in the chan- 
nels of the reactor in order to investigate how their 
mechanical, electrical and thermal properties, their 
microstructure and corrosion resistance change when 
they are intensively irradiated by fast and thermal 
neutrons and 7-rays. 

When the hot laboratory, J provided with special 
shielding and manipulators for working with highly 
radioactive materials, was put into operation, a sys- 
tematic study was started of the properties of mate- 
rials which had been irradiated for a long time in the 
reactor. 

During the three years of its operation the installa- 
tion proved its reliability and stability. Only one more 
or less significant accident took place, when the cooling 
coil of the shell bottom broke and the reactor did not 
operate for eight days. On another occasion, the re- 
actor went out of commission on account of damage to 
the fuel elements. With the improvement of the 
technological methods of their manufacture and test- 
ing, the number of breakdowns decreased. Thirty fuel 
elements went out of commission in the years 1952- 
1953 and only seven elements in the year 1954. 

More often, and for longer periods of time, the pile 
had to be shut down in order to install new "loops" or 
to replace the experimental fuel elements. 

In the "loops," experimental types of fuel elements 
are investigated. All the time the need arises to in- 
vestigate new cooling conditions and new designs of 
fuel clement units. 



{See reports by N. F. Pravdyuk "Hot Mctallographic 
Laboratory" (P/673, session 8B) and by G. N. Yakovlev and 
others "Hot Analytical Laboratory" (P/677, session 10B, 
volume 7, these Proceedings). 
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2. CORE AND REFLECTOR 

The core and the reflector of the reactor consist of 
layers of graphite, which form a cylinder 240 cm in 
height and 260 cm in diameter. The central part of the 
graphite, pierced by a system of vertical cylindric 
channels 54 mm in diameter, forms the core, which is 
a cylinder of one meter in height and one meter in 
diameter. There are altogether 37 channels, forming a 
square lattice with a 14 cm spacing, which contain the 
fuel assemblies. The side and top graphite reflectors 
are 80 cm thick and the bottom reflector 60 cm. 
Through the top reflector run the channels, filled with 
water, whereas the side and bottom reflectors consist 
entirely of graphite. 

The graphite had a density increased to 1.8 gm per 
cm 3 . The "age," T, of neutrons from a Po + Be source 
in the graphite, with empty channels, measured with a 
resonance gold detector (energy 4.85 ev) is about 
342 25 cm 2 , and the diffusion length for the thermal 
neutrons about 52 cm. 

As mentioned before, the fuel elements are placed 
in aluminium tubes. The fuel elements are hollow 
cylinders containing enriched uranium and clad with 
aluminium. 

The outer tube together with the fuel clement form a 
field tube. Water enters th* annulus between the tube 
and the outer surface of the element, and then returns 
through the internal duct of the fuel element. There- 
fore, not only the graphite but also the water in the 
annulus and in the internal duct of the elements serve 
as moderator. In the cell of the lattice of 14 X 14 cm 2 
cross section per 1 cm of length there is oj c = 173 cm 3 
of graphite with a slowing down power of a)cf^s c = 
11.20 cm 2 and wy/ - 6.6 cm 3 of water with a slowing 
down power of w//f 2 S H 9.50 cm 2 . 

Consequently, the slowing-down power of water 
constitutes about 46% of the total slowing-down 
power of the core. 



3. MULTIPLICATION CONSTANT OF THE LATTICE 

Table 1 shows the total absorption areas (coSc) of 
the components of the core. 

Table 1 . Total Absorption Areas of the Components 
of the Core 



Material 



Absorption area in cm* 



Absorption area in cm*, 
taking account of the 
neutron distribution 



Graphite 


0.058 


0.078 


Water 


0.139 


0.175 


Aluminium 


0.021 


0.028 


Fuel Element 


3.55 


3.55 




3.77 


3.83 



Figure 3 shows the distribution of the thermal neu- 
tron flux in the lattice cell. Part of the thermal neu- 
trons is generated in the graphite, another part in the 
water inside and outside of the fuel element. In ac- 
cordance with the distribution of slowing down power, 



about 46% of the total number of thermal neutrons is 
generated in the water. 

The dashed line in Fig. 3 shows the distribution of 
the thermal neutron density when there is no water in 
the fuel assembly and graphite temperature is 20C. 

The following values were found for the thermal 
utilization: In the lattice without water, at room 
temperature: 0.97; in the lattice with water, at room 
temperature: 0.02; in the lattice with water at operating 
temperature: 0.925. 

The resonance absorption of neutrons in U 238 in the 
hollow slug is rather large because slowing down neu- 
trons enter in it not only from its outer surface but 
from the inner surface as well. On the other h*\nd, the 
neutron, after falling on the outer surface of the ele- 
ment, passing through the uranium layer and entering 
the water-filled internal duct of the fuel element, may 
leave the resonance energy interval by colliding with a 
proton. According to calculations carried out with a 
semi-empirical equation, the resonance escape prob- 
ability is equal to: 

In the lattice without water: 0.865 0.015. 

In the lattice with water: 0.91 + 0.01. 

The fast fission factor in fuel elements with highly 
enriched metal is not large, about 1.003. 

The multiplication constant A"*, of the lattice in the 
core is now found to be: 

For the lattice without water at room temperature, 
1.59 0.03. 

For the lattice with water at room temperature, 
1.59 0.03. 

For the lattice with water at operating temperature, 
1.57 0.03. 

In order to verify these calculations, experimental 
determination of the multiplication constant of neu- 
trons with these fuel elements were made before the 
construction of the reactor was begun. Measurements 
were done in a graphite prism of 2 X 2 X 3 metres. 
A wide beam of thermal neutrons fell on the front 
surface of this prism. Inside the prism were the ele- 




Fi0ure 3. Distribution of the thermal neutron flux in the lattice celh 

(1) axis of the channel; (2) outer boundary of cell; (3) graphite; (4) 

water; (5) aluminum 



438 



VOL. II 



P/620 



USSR 



G. N. KRUZHILIN 



ments under investigation as well as known absorbers 
(boron, for example). By determining the variation in 
the flux of thermal neutrons in the prism it was possi- 
ble to verify the results of the calculations. They 
turned out to be in satisfactory agreement with the 
experimental data. Deviations were within the limits 
of experimental error. 

While the reactor is in operation equilibrium con- 
centrations of Xe 138 and Sm 14y are formed. This causes 
a decrease of K^ of the lattice from 1.57 to 1.51 at 
maximum power. 

These values refer to the initial ratio of uranium 
isotopes. During operation of the reactor, the isotope 
composition is changed and ' changes accordingly. 
These changes will be examined later. 

4. AGE OF NEUTRONS AND DIFFUSION LENGTH 

The critical dimensions of the reactor depend on the 
age of neutrons V6r and the diffusion length of 
thermal neutrons L. The lattice of the reactor under 
consideration contains a comparatively small number 
of non-elastically scattering nuclei. Therefore, their 
contribution to the value of r may be neglected. Ac- 
cording to calculations, the value of r in graphite with 
a density of -y = 1.8 gm/cm 8 is about 285 cm 2 . As 
was indicated above, water in the lattice contributes 
considerably to the slowing down power. It also 
greatly reduces the value of r. However, this latter 
effect is somewhat weaker than the effect of the in- 
crease in slowing down power. This is because of the 
relatively small effect of the water in the energy range 
of E > 0.1 Mev, as a result of the rapid decrease in 
the neutron scattering cross section of hydrogen. 

Calculation gives the following values of r for fission 
spectrum neutrons: 

For a solid graphite core: 285 cm 2 . 

For a graphite core with ducts filled with water and 
lead models of the fuel elements: 220 cm 2 . 

Experimental values for T, obtained in the graphite 
moderator of the reactor with a Po + Be source of 
neutrons and a cadmium-covered ionization chamber, 
are in satisfactory agreement with these calculated 
values. On this basis, we can assume that the values 
calculated for T for a source with fission spectrum are 
not far from the truth. 

The squared diffusion length L' 1 of the thermal neu- 
trons in the lattice was calculated theoretically and 
found to be approximately equal to 65 cm 2 . No ex- 
perimental determination of this value in the lattice 
was undertaken. Since, however, the value L 2 turns 
out to be several times less than r, the inaccuracy in 
the value of L 2 has a comparatively weak influence on 
the critical dimensions. In the side and bottom re- 
flectors (assuming the "loops" and the ducts of the 
control system removed and replaced by graphite 
plugs so that they become solid graphite layers) the 
quantities r and L 2 are equal to 285 cm 2 and 2700 cm 2 , 
respectively. In the top reflector, which is pierced by 
ducts filled with water, the values of r and L' 2 diffet 
sharply from those above and are approximately: 



T 150 cm' 2 
A 2 350 cm 2 

5. CRITICAL DIMENSIONS OF THE REACTOR 

With the above-mentioned values for the constant 
of neutron multiplication in the core and the migra- 
tion lengths at our disposal, we were able to calculate 
the critical dimensions. The calculation was done for 
a homogeneous reactor with material parameters K^ 
r and L 2 , corresponding to the parameters of the 
heterogeneous lattice under consideration. Conven- 
tional multi-group methods of calculating critical 
dimensions were applied to this homogenized system. 
Two difficulties arise when these methods are em- 
ployed: firstly, the cylindrical form of the core leads 
to partial differential equations; secondly, the solution 
of the problem becomes more cumbersome as the 
number of groups increases. 

This led us to the following method of calculation : 
for a spherically symmetrical core, surrounded by a 
spherical reflecting layer, a two-groups approximation 
was used. Then, in order to determine the error re- 
sulting from the small number of groups, calculations 
with four and six groups were carried out. In this 
way corrections for the two-groups method were 
determined. 

Then, in order to determine the effect of deviation 
from the spherical form, that is, to find the transition 
coefficient from the spherical form to the cylindrical, 
partial differential equations were solved for the 
cylindrical core in two-groups approximation. Table 2 
below shows that these corrections were comparatively 
small. 

Table 2. Critical Radii, cm 

Reactor without Reactor 
water with water 



Spherical reactor: 

(a) In two-group approximation 48 48 

(&) In four-group approximation 50.5 45.5 

(c) In six-group approximation 50.8 45 

Cylindrical reactor in two-group 

approximation (2R = //) 45.5 40.9 

The treatment of the core as if it were homogeneous 
may raise legitimate doubts because of the relatively 
small number of fuel rods in the core, 37 only. There- 
fore, the applicability of this homogenization had to 
be verified. For this purpose critical dimensions for an 
essentially heterogeneous lattice were determined. 

In these calculations every fuel element is considered 
as a line source of fast neutrons and also as a line sink 
of thermal neutrons placed in the infinitely extended 
slowing down medium. If we write /* for the fast neu- 
tron flux emitted by the kth element, and by ik the 
flux of thermal neutrons absorbed by the same ele- 
ment, then 7fc = y4, where v& is the number of fast 

For details see S. M. Feinberg's paper "Heterogeneous 
Methods of Reactor Calculations. Survey of Results and Com- 
parison with Experiments," P/669, session 23A, volume 5, 
these Proceedings. 
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neutrons emitted by the element per absorption of a 
thermal neutron. In this way we obtain a system of 
linear equations, the number of which is equal to the 
number of fuel elements in the core of the reactor. 
Actually, the number of different equations is con- 
siderably smaller because of the symmetrical arrange- 
ment of the elements. In the case under consideration, 
a system of eight equations is obtained. 

It is convenient to choose the number v& as the un- 
known quantity. For a given number and arrangement 
of fuel elements one can, with this system of equa- 
tions, determine the value of v& for which the determi- 
nant, of the system of homogeneous linear equations is 
zero. This value of v* can then be compared with the 
value of v* obtained by calculation for the homogene- 
ous core. The difference between these values of v& was 
found to be approximately 0.03. From this it follows 
that the homogeneous method is quite satisfactory for 
the reactor under consideration. In addition to the 
verification of the applicability of the homogeneous 
method, the method of heterogeneous calculation of 
critical dimensions opens the possibility to investigate 
more accurately the distribution of heat generation in 
the fuel elements of the core and, in particular, enables 
one to calculate the effects produced by disturbing the 
periodicity of the lattice (for instance, the effect of re- 
moving a single fuel element or replacing it by a 
neutron-absorbing rod). With the homogeneous 
method such effects can be calculated only very 
roughly. 

As an example, Fig. 4 shows the distribution of the 
density of thermal neutrons in the system consisting of 
24 multiplying and 6 absorbing rods with a hollow cell 
in the centre, calculated with the heterogeneous 
method. 

When comparing the calculated values of the critical 
mass with the experimental ones, it is necessary to 
make allowance for the presence in the actual core and 
reflector of a number of absorbing elements of con- 




struction. In the system without water these increase 
the critical mass by 8% and in the system containing 
water by 7%. Table 3 shows calculated and experi- 
mental values of the critical mass. 

Table 3. Calculated and Experimental Values of the 
Critical Mass 



Experimental 



Calculated 



1. 



Critical mass for the lattice 
without water 

2. Critical mass for the lattice 
with water (water level equal 
to upper level of the core) 



35 elements 



33 elements 



23 . 5 elements 25 elements 



It is seen that when the channels are filled with 
water the critical mass is considerably reduced, which 
is due mainly to a considerable reduction in the migra- 
tion length of the neutron. 

The discrepancies between the calculated and ex- 
perimental values of the critical mass show the ac- 
curacy of calculation. 

6. FISSION BY EPITHERMAL NEUTRONS, CADMIUM 
RATIO 

On the basis of the above-mentioned calculations, 
one may assume that the neutron capture in U 236 and, 
consequently, also the fission of the latter are caused 
by thermal neutrons only. Actually, of course, a cer- 
tain fraction of neutrons is captured by U 286 during 
the moderation process. It is obvious that if a large 
number of fissions were due to the slowing down neu- 
trons, then calculations which take into account 
fission by thermal neutrons only may be significantly 
in error. The ratio of the number of neutrons captured 
during the slowing down process to the number of neu- 
trons captured in the thermal region, is in first ap- 
proximation given by: 



a 
n 



<T 2 36 P 

-- 

CT.236 1 * 



where is the logarithmic energy loss; 0235 P is reso- 
nance integral of U 23B ; cr 2 35 T is capture cross section for 
thermal neutrons of the same isotope; S/ is total 
macroscopic capture cross section of thermal neutrons 
in the lattice; and .* is total macroscopic scattering 
cross section of a neutron in the moderation process. 

If the absorption cross section varies according to 
the 1/v law then: 



Figure 4. Thermal neutron flux along symmetrical directions OA, OB and 
OC; (1) uranium rods; (2) absorbing rods 



For the mixture of water and graphite (l/)(S c r / 
S c z ) is found to be 0.185. Consequently, if the capture 
cross section of U 235 on an average would obey the 
1/v law (which in reality is only approximately true) 
then ft 0.185 X 2 Vfir/E. Assuming that E T = J^ 
and E = 0.4 ev, which corresponds to the upper limit 
of resonance absorption of neutrons in cadmium, we 
find for the fuel element: 

ft* 0.092 



440 



VOL II 



P/620 



USSR 



G. N. KRUZHILIN 



When calculating Cd in graphite or an empty duct it 
is necessary to multiply the above-mentioned figure 
by the ratio of the density of thermal neutrons in the 
fuel element to the density in graphite, equal to 0.75. 

In order to verify the correctness of this estimate, 
a copper detector was used to determine the cadmium 
ratio, i.e., the ratio of the activity of the detector 
covered with cadmium to the activity without cad- 
mium cover. In one of the central ducts of the reactor 
we found the value 0.107. The deviation of the capture 
cross section of copper from the l/v law is known; 
taking into account this deviation we find that the 
cadmium ratio for a l/t cross section is equal to 
0.057. This value can be considered as sufficiently 
close to the value 0.092 X 0.75 = 0.069 calculated 
above if we take into account the fact that the neu- 
tron spectrum in the core is somewhat softer than in 
the infinite lattice. 

In the system without water the cadmium ratio of 
the copper detector is found to be 0.133. 

If the energy range above 0.1 ev is considered as 
epithcrmal, then the number of collisions with capture 
in U 236 (which is proportional to 2 y/Er/E) increases 
by a factor of 2. Therefore, for the whole epithermal 
spectrum, the number of fissions in U 23B is approxi- 
mately 9%. 

On the basis of this examination we can conclude 
that in the case under consideration the calculations 
of critical size made assuming complete absence of 
U 23& fission in the epithermal region are still suffi- 
ciently accurate. 

7. SPATIAL DISTRIBUTION OF NEUTRON FLUX 
IN THE REACTOR 

The vertical distribution of the neutron flux in the 
reactor was studied in the channel of an automatic 
shim rod by means of a copper detector for thermal 
neutrons. Figure 5 shows the variation of the neutron 
flux in the core and reflector. 

As is seen from Fig. 5, there is a considerable 
asymmetry with respect to central plane of the core. 
This asymmetry is explained by a difference in the 
properties of the top and bottom reflectors. The 
mean life of thermal neutrons in the bottom reflector 
is seven times larger than that in the top reflector. 
As was explained before, this is due to the presence 
in the top reflector of a considerable amount of 
water in the cooling channels. 
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Figure 5. The neutron flux at different level* of the reactor. The core 
Is Indicated by a double arrow 
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Figure 6. Distribution of the flux of thermal and epithermal neutrons 

along the radius of the "homogenized" reactor; (a theoretical curve): 

(1) border of the active zone, (2) location of a "loop" 

The distribution of the neutron flux along the 
radius of the core was found in the process of cal- 
culating critical dimensions. Figure 6 shows a theoreti- 
cal variation in the flux of thermal and epithermal 
neutrons along the radius of the "homogenized" 
reactor. 

It is seen from Fig. 6 that a considerable increase 
in the density of thermal neutrons is observed in the 
side reflector. This is a result of a marked difference 
in the mean lives of thermal r eutrons in pure graphite 
and in the lattice of the core. However, the side 
reflector contains the "loops" and a large number of 
control and safety rods. The presence in the side 
reflector of this rather large amount of neutron 
absorbing constructional materials decreases the 
mean life of neutrons and, consequently, their density. 
The dashed line in Fig. 6 gives a schema tical picture 
of the decrease in thermal neutrons flux due to the 
absorption in the steel jacket of a "loop." 

8. CONTROL AND SAFETY SYSTEM 

Control of the nuclear chain reaction and shut 
down of the reactor in the case of emergency are 
effected through a system of neutron-absorbing rods 
that are operated by hand or by automatic drives. 
The rods may be operated automatically by signals 
from ionization chambers. Figure 7 shows the ar- 
rangement of control rods and "loop" channels. 

Two rods for automatic control are placed in the 
side reflector. When these rods are completely im- 
mersed in the apparatus, K eff is reduced by 0.001. 
This is sufficient for sustaining the power of the 
reactor at the required level and for compensating 
minor, accidental fluctuations of reactivity. 

Three manual and three slowly moving automatic 
absorbing rods made of boron carbide are situated 
between the fuel channels of the core. 

Each of these rods changes K 9ff by 0.015, so that 
the total effect of all six rods is equal to 0.10. These 
rods take up the bulk of the excess reactivity of the 
reactor and secure a reactivity reserve for Xe 186 
poisoning and for overcoming the "iodine dip" 
during a short shut down of the pile; they also secure 
the necessary reserve of reactivity for the slow proc- 
esses of the burn up and poisoning of the fissionable 
material. 

In order to shut down the system rapidly in the 
case of an emergency, two systems of safety rods 
were provided for in the original design; they came 



RPT REACTOR 



441 



Of 



oo o 000 

00 000 O O 
00*00 O&O O 

o o o o o . o o 



o@o o 
o o o 



o/ 



Figure 7. Arrangement of control rods and "loop" channels: (1) rods 
for automatic control; (2) *him rods, manual; (3) shim rods, automatic; 
(4) safety rods. "Loop" channels: (I) with gas cooling; (II) with high 
pressure water cooling; (III) with liquid metals cooling; (IV) with medium 
pressure water cooling; and (V) with high pressure water cooling 

into action simultaneously but operated with different 
velocities. The three for the fast safety rods were 
situated on the border be 1 ween the active zone and 
the reflector. They were cadmium rods, producing 
rather small changes (~0.15%) in K ffft but. operating 
very rapidly through a pneumatic system. Not more 
than 0.02 sec passed between the moment when the 
signal came from the ionization chamber and the 
moment when the rod reached its lowest position. 
These rods were incorporated because it was feared 
that the reactor reactivity might sharply change as a 
result of air bubbles being sucked in into the ilow 
of cooling water. Simultaneously with these rods 
two other rods of a slowly-operating safety system 
came into operation. These rods reached their ex- 
tremely lowest position in 0.4 sec, but produced a 
much larger change in K cff equal to ^0.01. In the 
course of operation of the reactor it turned out that 
there was no need for the fast safety rods. Therefore, 
these rods were dismantled (they are not shown in 
Fig. 7). 

9. TEMPERATURE EFFECT, BURNING UP AND SLOW 
POISONING 

As the reactor heats up the multiplication param- 
eters of the lattice change and the reactivity de- 
creases. The temperature in the graphite layer at 
peak power of the reactor reaches 47()C, while the 
temperature of the neutron gas increases to 800K. 
Owing to these temperature changes in the lattice 
of the reactor two effects of opposite signs appear 
which to a certain extent compensate each other. 
The diffusion length of graphite increases approxi- 
mately to 60 cm. The penetrability of water for 
thermal neutrons is also changed considerably. As 
is well known, changes of the neutron energy are 
accompanied by great changes in the neutron scatter- 
ing cross section of the water molecule. As a result 



of the increase in the diffusion lengths of graphite 
and, particularly, of water, the neutron flux become 
more uniformly distributed in the lattice cell and the 
thermal utilization increases. On the other hand, 
the migration length of neutrons M increases; reso- 
nance capture in U 2 * 8 increases as a result of Doppler 
broadening of the resonance levels; the number of 
neutrons produced per neutron absorbed, v t decreases 
slightly because of interference of fission and capture 
levels in U m . According to measurements done, 
the temperature coefficient of K fff is about 6.7 X 
10 5 /C of temperature of the graphite layer at room 
temperature. 

As a result of the considerable power density of the 
reactor, poisoning by Xe 136 and Sm 149 decreases the 
reactivity considerably, and, when the system is 
shut down, a large "iodine dip" occurs. At design 
power this poisoning results in changing A'*// by 
0.04, and the bottom of the "iodine dip" is lower 
than the stationary level of reactivity by 0.045. 
The minimum of the reactivity is reached approxi- 
mately 9 hours after the system is shut down. A 
typical reactivity variation curve is shown on Fig. 8. 

Another reason leading to a considerable, although 
slow decline in the reactivity of the reactor is the 
burn up and slow poisoning of the fuel elements, 
that is, the changing of the isotope composition of 
metal as a result of the nuclear chain reaction. During 
design power operation A%// decreases by about 
7 X 10 * per day, according to measurements. 

10. NEUTRON BEAMS 

The thermal graphite column has a cross section of 
1.0 X 1.0 m and is 2 m in length. This column leads 
into a special laboratory room (sec Fig. 9). It gives 
a broad beam of thermal neutrons with an intensity 
of about 10 7 n/cm 2 per sec. 

Two neutron beams of 100 mm in diameter emerge 
from the active zone (Fig. 9). One of these has been 
designed for installing a mechanical velocity selector 
with a large flight path, the other for miscellaneous 
neutron measurements. 

In addition there is a neutron beam of 60 mm in 
diameter coming from the centre of the side reflector. 

In both beams with 100 mm diameter, the density 
of the thermal neutron flux at the point where they 
emerge is 10 B n/cm 2 per sec; in the beam emerging 
from the centre of the side reflector it is 10 8 n/cm 2 per 
sec. 
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Figure 8. Drop In reactivity after the reactor is shut down (time after 
hutctown on the abtctoa) 
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Figure 9. The arrangement of the thermal column and of the neutron 

beams: (1) thermal graphite column; (2) channel with pneumatic 

operation; (3) vacuum drift tube; (4) mechanical selector; and (5) 

beam trap 

Figure 10 shows the spectral composition of neu- 
trons in the beam emerging from the core, measured 
by means of a mechanical selector. 

In the same figure the Maxwell spectrum of the 
neutron gas at a temperature 480K, corresponding 
approximately to the temperature of the graphite, is 
shown by a clotted line. Apparently, the spectrum of 
neutrons in tiie beam differs only slightly from that 
in the core. 

The beam holes are provided with remotely-con- 
trolled shutters, so that the work on neutron beams 
does not interfere with the running of the reactor. 
One of the shutters is shown in Fig. 11. Jt is mounted 
with its axis horizontal and perpendicular to the axis 
of the beam. When the shutter is turned through 90, 
by remote operation of its electric drive, the neutron 
beam is intercepted by layers of paraffin and lead. 

While the shutter is in an intermediate position, 
samples can be placed in it for irradiation in a weak 
neutron flux. 

11. SHIELDING 

To protect the personnel from the biologically 
dangerous effects of neutron and 7-radiations from the 
core, the reactor is surrounded by shielding. 

Side shielding is formed by: the graphite reflector, 
80 cm thick; an iron shell, 2.5 cm thick; a concrete 
shield, 320 cm thick, with specific gravity 2.4 gm/cm 3 . 

The total radiation behind the side shielding (when 
the beam holes are shut) is not more than 0.1 of the 
maximum permissible dose, which ensures not only 
the safety of the personnel, but also provides a 
comparatively low harmful background for physics 
experiments. 

The top shielding of the reactor is formed by: 
the graphite reflector, 80 cm thick; an additional 
graphite layer above the reflector, 150 cm thick; a lead 
layer, 40 cm thick; and a top iron slab, 20 cm thick. 

When the fuel channels and the irradiation channels 
are closed, the total neutron and y-radiation over the 
top slab is about 0.2 of the maximum permissible dose. 

When fuel assemblies are removed from the reactor 
after prolonged irradiation, there is a very high 
activity in the main hall. Therefore, the main hall has 



concrete walls 130 cm thick; the operations are per- 
formed by remote control. 

There is considerable activity of oxygen and other 
forms of induced activity in the initial circulation cir- 
cuit and its pumps. They are therefore shielded by 
concrete walls and floors 100 cm thick. In the labora- 
tory spaces which receive neutron beams, the walls 
and floors have a thickness of 100 cm. 

12. ENGINEERING ASPECTS OF THE REACTOR 

The flow diagram is shown in Fig. 12. 

The reactor is cooled by distilled water in a closed 
circuit: water from tank (1) is pumped by centrifugal 
pumps (2), and enters the distributor (3) under 
pressure. From this tube the water enters the fuel 
assemblies (4) and cooling channels of the reflector (5), 
then it enters the horizontal collector (6) and heat- 
exchangers (7) and returns to tank (1). The cooling 
channels and connecting tubes with the collectors are 
made of aluminium alloy. All other elements of the 
distilled water circuit: pipe-lines, fittings, heat- 
exchangers, tank and pumps, are made of stainless 
steel. 

To cool the primary circuit, river water is led 
through pipe-line (8) to the heat-exchangers (7); 
then it is released back into the river. River water is 
also used to cool the concrete slab below the reactor 
and on the side. 
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Figure 10. The spectral composition of the neutrons in a beam: 

v,ar = 2.8 X 10 cm/sec (E = 0.041 ev); T = 4BOK. The dotted 

line shows Maxwell distribution, f(v) = 
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Figure 11. Beam hole shutter: (1) shielding bricks; (2) lead; and (3) paraffin 







Figure 12. Flow diagram: (1) degassing tank; (2) centrifugal pumps; (3) distributor; (4) fuel assembly; (5) cooling channels in the 
reflector; (6) collector; (7) heat-exchangers; (8) pipe-line for river water; (9) air-pipe; (10) pipe-line to the ventilation stack; (11) 
emergency pump; (12) reactor shell; (13) gas holder; (14) helium pipe-line; (15) gas cooler; (16) water detector; (17) water Jock; 
(18) emergency supply of distilfed water; (19) ventilation stack; (20) gas blower; (21) compressor; (22) vacuum pump; (23) venti- 
lator; and (24) helium storage 
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Tank (1) is under atmospheric pressure. It is 
used for two purposes: as a reserve capacity for the 
primary circuit and as a separator for the explosive 
gas mixture, which is formed in the reactor by disinte- 
gration of water under the influence of radiation. 
From the tank the fire-damp is removed by a flow of 
air which is supplied through the air-pipe (9) and 
then discharged to the ventilation stack through the 
pipeline (10). 

Special attention has been given to the reliability 
of the cooling. In connection with this, three pumps, 
two working and one in reserve, are attached to the 
primary circuit. The pumps are driven by alternating 
current motors. Each of the two working pumps is fed 
from an independent local supply so that any failure 
of the supply results in stopping of only one pump. If 
both pumps would break down, two smaller emer- 
gency pumps (11) with direct current motors are 
automatically switched on; these motors are fed by 
a storage battery. It stands to reason that if this 
occurs, the emergency protection of the reactor starts 
operating automatically. No such damages have 
occurred during operation of the installation. 

In order to monitor the cooling of the fuel assem- 
blies, individual flow melers were installed in the 
cooling lines. When the amount of water flowing 
through the channels is decreased or increased by a 
definite amount, the reactor shuts down automatically. 

The graphite layers of the reactor are stacked in- 
side a hermetic steel vessel (12). To cool the graphite, 
the vessel is filled with helium. The helium pressure in 
the apparatus exceeds atmospheric pressure by 20-50 
kg/m 2 and is controlled by the gas-holder (13). The 
helium system (14), is also used for drying the graph- 
ite if water penetrates into it as a result of leakage in 
one of the cooling channels or some accident during 
repair work. During operation of the reactor moisture 
is removed in the form of steam and condenses in the 
heat-exchanger (15) of the helium circuit. A detector 
(16) stops the reactor when water appears in the 
graphite. It is attached to the section of helium circuit 
adjoining the bottom of the reactor. Drainage of water 
from the vessel is through a water lock (17) which 
prevents flooding of the reactor in case the wall of a 
cooling channel is broken. The defective channel can 
be detected by putting pressure on it. 

The reactor is serviced only from the top. Installing 
of channels, loading of the fuel elements and other 
parts, as well as unloading, are done from the top. 
Unloading is done by a bridge crane with remote con- 
trol; the parts that are removed from the reactor are 
lowered in storage cells located next to the reactor in 
the concrete shielding. 

As shown on Fig. 13, the fuel assemblies of the reac- 
tor have the form of a lield pipe. 

The fuel element itself is shown on Fig. 14. It has a 
form of a tube with aluminium cladding inside and 
outside. The aluminium canning has end pieces that 
center the fuel element in the channel. Also, halfway 
the length of the fuel element a belt with ribs assists in 
centering it. 




Figure 1 3. (Left) 
RPT fuel assembly 

Figure U. (Right) 
Fuel element 



The control rods are suspended from cables con- 
nected with motor drives. The channels in which they 
move are also in the form of field pipes and are 
part of the primary cooling circuit. 

Thirteen ioni/ation chambers have been installed 
to monitor the operation of the reactor. Among these, 
two chambers filled with boron tritluoride, are for 
working at very small starting power. All the other 
chambers have electrodes coated with boron carbide 
and are for working at high power. Some of them are 
attached to the control rod circuit, others to the 
emergency circuit. 

The current from the chambers attached to the 
control rod circuit passes first through the sensitive 
galvanometer showing pile power, and then through 
a potentiometer. Deviation of the chamber current 




Figure 15, General view of the reactor buildings 
laboratory 




Figure 16. Reactor building 
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Figure 17, Control pen 



from the set value creates a difference voltage on the 
outlet terminals of the potentiometer, which is then 
successively stepped up by multistage electronic and 
servo amplifiers until it reaches the power required for 
the electric drive of the control rods. 

The current from chambers attached to the emer- 
gency circuit is amplified and leads to the switching 
on of the emergency protection of the apparatus if the 
set value is exceeded by a definite amount. 

The installation is shut down automatically if any 
of the working paramcte 1 *" deviate from the standard, 
or if any failure occurs. Automatic shutdown occurs: 
(a) if the pressure of Ihe primary circuit before the 
reactor drops by 10%; (b) if the pressure of the pri- 
mary circuit after the reactor drops by 20%; (r) if 
the outlet temperature of cooling water reaches 65C; 
(d) if the pressure of river water on entering drops 
below 1.5 atm; (?) if the amount of the distillate in 
any of the fuel assemblies changes by more than 4%; 
(/) if the control rod is completely in* (#) if power fails 
on one of the mains supplying the plant; (//) if any of 
the experimental circuits (loops) fails. 

The principal specifications of the reactor are given 
in Table 4. 

Table 4. Principal Characteristics of RPT 

1. Power 10,000 kw 

2. Total flow of primary coolant water 250 rn 8 per hour 

3. Pressure of water on entering the core 12 atm 

4. Pressure of water on leaving the core 8.5 atm 

5. Temperature of water on entering 20-30C 

6. Temperature of water on leaving 

(average) 55- 65C 

7. Flow of water through each fuel channel 6.0 m 8 per hour 

8. Velocity of the water in the channels 5.5 m per sec 

9. Power of one channel, maximum 400 kw 

10. Heat f.ux, maximum 2 X 10 kcal 'm* 

l>er hour 
It. Temperature of water in fuel channel, 

maximum 70C 

12. Temperature of graphite up to 470C 

13. Temperature of the side walls of the 

reactor vessel up to 200C 

14. Flow of river water up to 400 m 3 per 

hour 



Figure 18. Top view of react on the top shielding of the reactor is seen 




Figure 19. Platform with suspended spare fuel and experimental 
assemblies, and ionization chambers 
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21. Main circulation pumps of the installation 



Figure 20, Table with the electric drives of the control rods 



Figure 23. High pressure circulation pump$ of the ' loop with wafer 
coding 



22. Shield with meters refistering flow through the cooling 
channel* of the reactor 




Figure 2S Panel of loop with metal 



ffgwr 24, PanI of teop no. 3 with woter cooling 
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ngure zo. ranei or loop no. z WITH wafer cooling 





Figure 28. Panel of loop with air coofing 

During the whole period of running, that is, in the 
course of more than three years, the reactor worked 
quite normally and steadily. There was not a single 
serious disturbance. Of the minor disturbances we 
may mention the following: 

1. On several occasions there was water leakage 
from the fuel assemblies. In the original fuel elements 
the centering ribs were 2 mm thick. As a result of the 
vibration of the fuel element in the water flow through 
the channel, the channel wall was completely worn 
away by these ribs after 4-5 months. To avoid this, 
it was found necessary to turn the fuel elements 
through 15 after every two months of operation. On 
the new fuel elements the ribs are 10 mm thick and, 
in addition, they are provided with centering sprock- 
ets on a suspended pipe; at the present time the 
wearing away of the wall is not observed at all. 

2. There were three occasions when water began to 
leak from the assembly at the place of the bottom 
weld. 

3. There were seven occasions when the fuel ele- 
ments went out of commission as a result of being 
squeezed to the wall of the outer tube. This led to a 
reduction of the water flow over a part of the surface 
of the element, and boiling began on it; this was shown 
by the appearance of blisters typical for the erosion of 
the aluminium surface through boiling. By raising the 
water pressure in the apparatus by 2 atm it was possi- 
ble to eliminate these damages. 



Figure 27. Loop with metal cooling: view of tank with melted metal and 
vertical pump 




Figure 29. Control panel for general y -activity and gas activity In 
the i 
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4. A considerable number of assemblies went out of 
commission in the first period of exploitation as a result 
of constructional defects. 

The fuel elements and parts of the fuel assemblies 
can be examined in the cutting compartment located 
next to the reactor. This compartment is equipped 
with a universal cutting lathe, manipulators and an 
optical system. Cutting and examination operations 
are carried out by distant manipulation. 

There were several occasions when test pieces broke, 
both in the experimental circuits (loops) and in the 
experimental channels in the main circuit. This caused 
a considerable contamination of water by radioactive 
substances. Such a possibility was taken into con- 
sideration when the apparatus was designed; next to 
the reactor building one for water decontamination 
was designed and constructed. Four settling basins 
with a holding capacity of 40 cubic metres each and 
two decontaminating absorption columns are installed 
in this building. Water contaminated with radioactive 
substances is at first discharged into the settling 
basins. As the need arises, but not within 30 days, 
this water is released from the upper part, of the 
settling tank and passed through the decontaminating 
absorption columns; then it is mixed with the water 
flowing from the heat-exchangers and through the 
pipeline discharged into the river. This discharge is 
kept under constant supervision, the discharged water 
always being kept at an activity lower than the 
tolerance value. 

All compartments of the plant are ventilated, the 
air being exchanged 10 20 times an hour. The ventila- 
tion system is arranged in such a way that an under- 
pressure is constantly maintained in the spaces where 
gas activity may appear as a consequence of failures 
in the air-tightness of the main or experimental cir- 
cuits. The space between the reactor shell and the 
concrete shield is also ventilated, which prevents the 
penetration of radioactive air into the service com- 
partments. Under normal conditions of operation this 



gap is the principal source of gas (argon) activity, 
which reaches up to 4 curie per hour. 

From the ventilation system the air is discharged 
into the stack 60 metres tall. 

13. EXPERIMENTAL CIRCUITS (LOOPS) 

Tn the experimental "loops," fuel elements of vari- 
ous construction as well as fuel assemblies are tested 
under actual operating conditions. Usually, such tests 
are preceded by comprehensive tests of samples in 
installations without irradiation. Naturally, the tests 
carried out in the loops are of principal importance. 

For instance, one of the loops with water cooling 
served for the selection of the fuel elements as well as 
the channels for the atomic electric station. Three 
different constructions were tested after they had 
been successfully and thoroughly examined without 
irradiation. During testing in the RPT one of them 
proved to be altogether unsatisfactory, a second re- 
quired improvements, while a third worked quite 
reliably for a long time; this latter construction was 
chosen for the reactor of the power station. In the 
process of testing, certain defects of the design were 
discovered and eliminated. After that one of the as- 
semblies of a series manufactured for the reactor of the 
power station was tested in the same loop. Altogether, 
20 elements for the atomic electric station have been 
tested in this loop. 

The loops are autonomous circuits. Each of them is 
provided with complete operating and emergency 
equipment, has its own control panel and is served by 
a special group of personnel. The connection with the 
personnel servicing the reactor is as follows: The 
engineer in charge of the loop, when he wants to 
change the operation of his loop, or switch over the 
equipment in conformity with the instruction, must 
consult the engineer on duty of the reactor. In addi- 
tion, as was already mentioned, the reactor will shut 
down if a number of working parameters of one of the 
loops deviate from the standard. 



The Experimental Facilities of E.443 



By H. J. Grout and F. W. Penning,* United Kingdom 



With the existing facilities at Harwell it is not 
possible to achieve neutron fluxes greater than 1.5 X 
10 12 thermal neutrons per cm 2 per second. Many 
aspects of nuclear reactor development and the need 
for radioisotopes of higher specific activity called for 
considerably higher neutron fluxes for experimental 
purposes. 

Several possible types of experimental reactor 
were therefore considered, the final choice being a 
heavy water cooled and moderated reactor with 
nearly pure U 23ft fuel. The two general considerations 
leading to this decision are contradictory in some 
respects but were the need to limit the heat to be 
disposed of at a given neutron flux level and the 
desirability of spreading the neutron flux achieved 
over as large a volume as possible. 

The objectives finally agreed upon were: 

1. That the reactor should make available thermal 
neutron fluxes up to 10 14 n/cm 2 sec. 

* Atomic Energy Research Kstablishment, Harwell, Berks. 



2. That the reactor should be capable of producing 
the equivalent of 30,000 curies/annum of CO 60 at 
high specific activity. 

3. That the reactor should be capable of main- 
taining a limited number of loops for testing fuel 
systems for advanced types of reactor. 

4. That the reactor should cost no more than 
2 X 10 6 including site development, adjacent labora- 
tories and offices and heavy water. 

GENERAL CONSIDERATIONS OF EXPERIMENTAL 
FACILITIES 

Experience with BEPO indicates the need for 
three general types of facility. These are 

1. Beams of Neutrons 

These require some collimation in the shield, a 
means of cutting off the beam without shutting down 
the pile, space adjoining the reactor face. Examples 
of this type of requirement envisaged for E.443 are 
a high speed chopper type monochromator used in 
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Figure 1. 220 rabbit Installation. Description: (1) reactor building; (2) reactor; (3) experimental hole; (4) rabbit or messenger tube; (5) "in reactor" 

position switch; (6) "transit in reactor" switch; (7) solenoid exhaust valve; (8) filter before discharging air to building; (9) air injection; (10) air supply 

30 psfg; (11) solenoid air Injection valve; (12) receiving station; (13) air Infection valve (return to reactor); (14) air supply 30 pslg (return to reactor); 

(15) air exhaust to stack; (16) laboratory fume cupboard; (17) laboratory building; (18) rabbit or messenger 
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Figure 2. Reactor E.443: section in plan at half-depth of reactor core. Description: (1) thermal column; (2) thermal column graphite reflector; (3) thermal 
column boral lining; (4) 1 in. heavy water overflow pipe; (5) 1 in. aluminium tank drain pipe; (6) 7 in. heavy water outlet pipe; (7) 2 in. helium 
supplementary expansion line; (8) 6 V vertical experimental facility; (9) 2 in. anti-syphon weir pipe; (10) 3 in. helium balance line; (11) 1 in. anti- 
syphon weir pipe; (12) 6 HGR horizontal experimental facility; (13) concrete biological shield; (14) outer casing plates; (15) top structure; (16) 2 ton 
horizontal experimental facility; (17) fuel element; (18) lead shield with cooling coils; (19) steet tank; (20) 3 in. mortuary hole; (21) 10 VGR vertical 
experimental facility; (22) 10 H horizontal experimental facility; (23) 6 in. mortuary hole; (24) 4 H horizontal experimental facility; (25) 4 VGR 
vertical experimental facility; (26) graphite reflector; (27) aluminium tank; (28) lead thermal bond; (29) boral lining in steel tank; (30) 4 V vertical 
experimental facility; (31) 6 VGR vertical experimental facility; (32) coarse control rods with drive; (33) safety rod with drive; (34) 2 V vertical 
experimental facility; (35) service station; (36) CO 2 purge connection; (37) fine control rod with drive; (38) 3 ' 2 " air suction manifold inter con- 
nector; (39) 6 H horizontal experimental facility) (40) helium expansion main; (41) ion chamber fittings; (42) ion chamber plug; and (43) ion 

chamber liner 
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Figure 2a. Reactor E.443i section in elevation 
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Figure 3. Undisturbed thermal flux distribution n/cmVsec in E.443 




Figure 4. Reactor E.443i 6 in. horizontal experimental hole entering heavy water. (1) Steel facing on outside concrete biological shield; (2) gas 
sealing of shield plug; (3) steel liner tube in concrete shield; (4) shielding phi? tip water cooling line; (5) CO 2 purge line; (6) biological shielding 
plug (concrete filling not shown); (7) aluminium liner tube sealing arrangement; (8) steel vessel; (9) lead thermal shield; (10) boral sheet; (1 1) lead; 
(12) graphite; (13) heavy water tank; (14) aluminium liner tube 6 In. inside diameter (removable); (15) fixed re-entrant aluminium tube from heavy 

water tank; and (16) fuel elements 
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Figure 6. Reactor E.443: 6" dia. vertical experimental hole in heavy 
water. (1) Mild steel reactor top plate; (2) removable plug; (3) adaptor; 
(4) retaining ring; (5) shield plug locking control; (6) experimental hole 
purge connector; (7) aluminium liner tube sealing rings; (8) biological 
shielding plug (concrete filling not shown); (9) aluminium liner tube; 
(10) stainless steel liner tube in biological shield; (11) biological 
shield; (12) lead thermal shield; (13) fuel elements; (14) heavy water 



conjunction with a 50 m flight path and a crystal 
spectrometer. The holes intended for such purposes 
are horizontal, the shield holes opening out to large 
diameter half-way through the biological shield, 
thereby giving space in which to fit a collimator 
fitted with a suitable shutter. 



2. Irradiations without Close Control 

These are the simplest requirements to fulfil. In- 
cluded in this category is the preparation of radio- 
isotopes where the parent material is stable in the 
temperature and radiation conditions available. 
For this purpose small diameter vertical holes and 
some horizontal holes are available. Their design is 
simple, providing only for small heat production 
in the irradiated specimen. This heat is removed by the 
reactor cooling circuits without special provision. 
No permanent allocation of space in the reactor build- 
ing is required, but a shielded container is required 
for periodic discharge of irradiated material. 

3. Irradiations in Which Close Control of 
Environment Is Required 

These are by far the most difficult facilities to 
supply and operate. They include the use of holes for 
solid state studies, radiation chemistry studies and 
experimental fuel element testing. They usually 
require control of temperature or neutron spectrum 
thereby necessitating special heat removal circuits 
or furnaces and considerable space adjacent to the 
reactor for control and recording instruments. Usually 
the reliability of such experimental work must be as 
good as the reliability of the reactor itself. Clearly 
the maximum possible space inside the reactor and 
easiest access from outside the shield are desirable. 
In attempting to achieve these in E.443 as many large 
diameter vertical holes as possible have been planned 
and have been made removable. Limitations referred 
to later have restricted the number of holes accessible 
to both ends and these are horizontal. Provision is 
made for up to 1 Mw of heat to be disposable from 
all these facilities. 

The location at Harwell imposes requirements of 
safety which it was decided to meet by containing 
within a steel pressure type building. This inevitably 
reacts back on experimental facilities through the 
cost of extra space inside such a building. Thus an 
early requirement for some vertical holes to pass 
right through the reactor and be accessible at both 
ends was finally abandoned because of the additional 
cost. 

Other limitations on experimental facilities arise 
from the reactivity required to operate with them 
and the need for control devices to cover the variation 
in reactivity during operation. Here again, flexibility 
has been sought so that many facilities requiring 
large reactivity are optional and when conditions 
are favourable absorber control plates can be replaced 
by experimental holes. 

General Description of Reactor 

The reactor core consists of up to 2.5 kg of U 236 in 
the form of uranium-aluminium alloy plates arranged 
in boxes to form an approximate cylinder of length 
60 cm and equivalent diameter 86 cm. This cylinder 
is in the centre of a cylindrical aluminium tank 2m in 
diameter and 2 m in height. The elements are cooled 
by forced upward flow of D 2 O which overflows the 
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Table 1. Experimental Facilities of E.443 



General description 



Dimensions 



Fixed horizontal round tubes 
(a) Entering D 2 () reflector 



(&) Entering graphite reflector only 
Fixed, horizontal oval tube passing right through 

U 2 O reflector 
Removable, vertical round tubes 



10 in. diam. 

6 in. 

4 in. 

6 in. 
4 in. X 2 in. 



1 

1 

6 

10 

1 



Reactivity 
loss due 

to empty 
facility 



0.5 
0.2 
0.6 

0,4 



Maximum 

thermal flux 

in empty 

facility 

n/ em*/ sec 



8 X 10" 

8 X 10" 

7 X 10" 
1.5 X 10" 

8 X 10 18 



(a) Entering D 2 O reflector 


6 in. diam. 


4 


0.8 8 X 10" 




4 in. 


5 


1.2 5 X 10 1 




2 in. 


9 


0.5 9 X 10 l 


(6) Entering graphite reflector only 


6 in. 


6 


0.4 X 10 1 




4 in. 


2 


0.4X 10 1 




10 in. 


2 


0.4 X 10> 


Fixed horizontal rectangular tube passing right 


in. X 12 in. 


2 


- I X 10" 


through bottom graphite reflector 








Thermal column of graphite containing square 


5 ft X 5 ft 


1 


i(T 


holes 


4 in. X 4 in. 


9 


1C. 



top of the elements to become the reflector before 
passing out to a heat exchanger for cooling and 
recirculating. Outside the aluminium tank is a 
graphite reflector of 60 rn thickness on the sides 
and bottom. The graphite is in turn contained in a 
steel tank which is helium filled. Outside this tank 
is a biological shield oi" concrete except for a 1.5 m 
square section occupied by a thermal column with 
appropriate shielding at the outside. 

Below the reactor is a plant room containing pumps 
and a heat exchanger for the D 2 O. The total heat 
removal catered for is 10 Mw from the core, 1 Mw 
from all experimental facilities. 

The experimental facilities consist of aluminium 
tubes entering graphite or D 2 O vertically or hori- 
zontally, details being given in the table below and 
in the attached drawings. 

External Facilities Attached to the Reactor 

Owing to the need for containment the space 
available within the reactor hall is extremely limited, 
and therefore additional facilities have been pro- 
vided adjacent to the main entrances. An open build- 
ing 106 ft long X 33 ft wide and provided with a 



20 -ton crane, change room facilities and extensive 
services j >r power, light, ventilation and the dis- 
posal oC r,< live effluents will be used for the examina- 
tion of irradiated material. A deep pond sunk in the 
inor will allow of under- water examinations and 
also the dismantling of activated equipment. 

Remote controlled power heads in shielded rooms 
will be installed to facilitate the dismantling of both 
active and contaminated equipment in preparation 
for detailed examination. 

List of Experimental Facilities 

Table 1 indicates all the facilities which can be made 
available, though not necessarily all at once. Included 
in the table are estimates of the reactivity loss asso- 
ciated with the installation of particular holes, but 
of course the inclusion of equipment in those holes 
may add to or subtract from this. The flux figure 
quoted is the maximum thermal flux likely to be 
available in the facility before any equipment is 
installed in it. 

All holes may be purged and sealed with CO* to 
reduce A 41 activity in handling experimental equip- 
ment in and out during shut-down. 



Design and Description of ANL Reactors (CP-3, CP-3 r , and CP-5) 



By W. H. Zinn,* USA 



PART I: HEAVY WATER REACTOR, CP-3 AND CP-3' 1 

Heavy water was first used as a moderator in a 
nuclear chain reaction in a research reactor built 
during the war at the Argonne Laboratory of the 
Metallurgical Project of the Manhattan District, 
This reactor became known as CP-3. It began opera- 
tion on May 15, 1944. With one change of fuel ele- 
ments, it was kept in continuous operation for ten 
years at which time it was taken out of service. When 
taken out of service, it was still in excellent operating 
condition and probably could have continued to 
serve usefully for many more years. 

The reactor consists of an aluminum tank of 
diameter 6 ft into which are suspended a maximum 
of 136 natural uranium metal rods, 6 ft long and of 
diameter 1.1 in. Figure 1 gives the general arrange- 



* Arf*nni: National Laboratory. 

t Including work by II. V. Lichlenbergcr, A. Langsdorf, 
W. H. McCorkle, and A. Wattenberg, Argonne National 
Laboratory. 



ment of the rods in the tank, and Fig. 2 shows that 
the uranium rods are spaced in a square lattice of 
5%-in. pitch. The aluminum tank wall is ?i of an 
inch thick and is surrounded by a graphite relied or 
of 2-ft thickness. A water-cooled gamma ray shield 
made of Pb-Cd alloy and a 7 ft 8-in. thick concrete 
layer complete the shielding. The top of the reactor 
is closed by a shield made up of laminated blocks of 
wood and steel. The fuel rods are constructed as 
shown in Fig. 3. The aluminum jacket of thickness 
0.035 in. is drawn down onto the uranium rod by a 
die to give a close fit for better heat transfer. 

Heat released from the uranium rods is transferred 
by natural convection to the bulk moderator in the 
lank. Suction of hot heavy water from the top of the 
reactor and return of cooler water through a pipe 
at the bottom of the aluminum tank is the method of 
cooling. Figure 4 is a schematic diagram of the fluid 
systems of the reactor. The heavy water pumped 
from the reactor tank is forced through a heat ex- 
changer where it is cooled with light water. 
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Figure 1. Vertical section of natural uranium heavy water research reactor 

456 



ANL REACTORS 



457 



The space above the moderator in the tank is 
flooded with helium gas, which is pumped through a 
catalyst chamber to recombine any deuterium gas 
which may be generated. Control of the reactor is 
by means of four swinging arm type control rods as 
illustrated in Fig. 1. The shafts which rotate the 
control rods are brought to the exterior of the biologi- 
cal shield where the mechanisms for providing the 
motion are situated. 

Experimental facilities are provided as shown in 
Fig. 5. Nine openings at the mid-plane of the reactor 
pass through the shield and terminate at the alumi- 
num tank wall. One of these openings, which is 6 ft 
in rectangular cross section, is filled with graphite, 
thus providing a thermal column. For irradiation of 
samples and for the generation of neutron beams of 
the maximum intensity, thimbles are provided 
through the upper shield, The principal one is a 
4%-in, diameter hole which passes down through the 
central axis of the reactor. Any of the fuel element 
holes also can be adapted for experimental use by the 
installation of a thimble. 

At an operating power of 300 kw, the maximum 
neutron flux for this reactor is 10 12 u/cm 2 /scc. 

After six years of uneventful operation, it was 
observed that there was ^ small amount of fission 
product activity in the circulating heavy water. 
The heavy water is purified by being continuously 
pumped through ion exchange resins and the fission 
product activity first became evident in the resin 
bed. It was obvious that a fuel element jacket had 
failed. Therefore, in 1950, the original fuel elements 
which had been installed in 1944 were removed, and 
it was found, indeed, that one had defects in the 
aluminum jacket. Figure 6 is a photograph of the 
damaged part of this fuel element. It is not clear 
from examination of the rod whether the penetrations 
of the jacket were due to pitting of the aluminum 
due to corrosion or were due to imperfections originally 
present in the aluminum. From the fact that there 
are a number of the holes clustered in one area, it 
can be concluded that it was a pitting type corrosion 
which caused the failure and it is conceivable that 
this corrosion was initiated by some kind of inclusion 
in the aluminum jacket. 

In refueling the reactor in 1950, due to the avail- 
ability of enriched uranium it was decided to replace 
all of the rods with quite similar rods in which the 
core material was 2% uranium-aluminum alloy. The 
critical amount of uranium was 3.8 kg of U 236 en- 
riched to at least 90%, This change in fuel element 
had the twofold advantage of eliminating any future 
difficulty with the corrosion of uranium metal, since 
in its corrosion properties the uranium-aluminum 
alloy would act about the same as aluminum itself, 
and, also, removing U 288 from the reactor gave in- 
creased neutron flux. The maximum neutron flux 
in the rebuilt machine was 4 X 10 12 n/cm 2 /sec for 
a power of 300 kw. At this power, many years of 
operation on one set of fuel rods is possible. 

This research reactor, CP-3 and CP-3', provided 
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an excellent facility for work with neutron beams. 
The various choppers were developed with this 
reactor, and the initial work on crystalline diffraction 
was performed with it as the source of neutrons. 
Investigations on the polarization of neutrons and 
many aspects of resonance neutron physics were 
first investigated with beams from this machine. It is 
extremely simple and safe to operate, and it. is highly 
recommended, especially in the form in which en- 
riched uranium metal or uranium oxide is used as 
fuel, for research laboratories in which the capital 
investment in the reactor is to be held to a minimum. 

PART II: ARGONNE RESEARCH REACTOR, CP-5* 

In the period of 1940, Argonne National Laboratory 
was faced with the problem of making a choice of 
reactor type for a research reactor to be located in 
the immediate vicinity of its principal laboratories. 
In making the choice, a number of requirements 
had to be considered, some of which were conflicting. 
A review of the Laboratory's program and the facili- 
ties available to the Laboratory elsewhere indicated 
that the machine to be constructed should primarily 
provide beams of neutrons for physics experiments. 
This was so because radioiso topes were available 
from the radioisotope distribution facilities of the 
USAEC and because the Laboratory was engaged 
with the Oak Ridge National Laboratory in the 
construction of the Materials Testing Reactor, whose 
principal function would be to provide facilities for 

t Including work by G. A. Anderson, T. Brill, O. W. Childs, 
J. A. DeShong, J. J. Dickson, K. K. Hamcr, J. M. Harrer, L. C. 
Livescy, B. I. Spinrad, S. Untermyer, J. T. VVcills, and J. M. 
West, Argonne National Laboratory. 



engineering tests on fuel components for future reac- 
tors. Although it was recognized that the principal 
function of the research reactor was to be the pro- 
vision of neutron beams, it was desired that the 
reactor would be used in other ways, such as basic 
studies on the phenomenon of radiation damage, 
engineering testing of fuel samples, and the manu- 
facture of radioisotopes which, because of half-life 
or special conditions, could not be obtained otherwise. 
For these purposes, a sizable volume of neutron flux 
was a necessary requirement. 

A consideration of major consequence was the 
probable cost of the operation of the machine. While 
the Laboratory had a historic interest in neutron 
physics and while it was expected that for a considera- 
ble period of time neutron physics would be one of 
the main interests of the research program, it was not 
deemed to the best interests of the research program 
to construct a reactor for which the operating cost 
would be a significant burden. 

The Laboratory had had experience with a graphite- 
moderated reactor and with a heavy water, natural 
uranium reactor. Analysis indicated that the best 
compromise among the factors indicated above would 
be obtained for a reactor moderated with heavy water 
in which the fuel was enriched uranium. It thus was a 
natural successor to the heavy water reactor with 
which many years of successful experience had been 
had. This design yields the maximum neutron flux for 
a given power and thus provides for economy of 
operation, since it is the reactor power which basically 
determines the operating cost. In selecting the reactor 
design, a decision had to be made as to the actual 
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Figure 5. Horizontal section through principal experimental facilities 
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operating power. In this, the location of the reactor in 
a metropolitan area had to be taken into account. 
Since at that time it was the policy of the USAKC to 
require essentially unoccupied area surrounding a 
reactor of a magnitude dependent upon the power, a 
limitation had to be accepted. As a design evolved, 
however, it developed that the design power was essen- 
tially set by consideration of the consequences of cer- 
tain malfunction of the reactor upon shutdown, to be 
discussed later, rather than upon operating power. 

The machine, which was first put into operation in 
February, 1954, was fundamentally designed for a 
power of 4000 kw. So far, it has been operated at a 
nominal 1000 kw but increases in the routine power 
level to the 4000 kw figure are scheduled. 

A preliminary description has been published by 
S. Untermycr 1 and by J. T. Weills. 2 

In the present paper, some of the experience result- 
ing from a year's operation is given as well as a brief 
description of the facility. As a result of this experi- 
ence, it can be said that the reactor fully meets the 
design specifications set for it. The neutron beams 
produced are not exceeded in intensity by beams from 
any other reactor in the USA, and it has been gratify- 
ing to find that the reactor lends itself quite well to 
engineering-type experiments. In the general manage- 
ment and operation of the machine no difficulty 
whatsoever has been experienced. 

Fuel Element 

The heat producing element of the reactor is an 
aluminum-uranium alloy plate jacketed on both sides 
with aluminum. Since the U 235 mass required for the 
reactor is small, no problem exists in the concentration 
of the uranium in the uranium-aluminum alloy. 
Choice of the number of fuel elements was made on the 
basis of volume of neutron flux desired, geometrical 
limitations in the arrangement of the fuel tubes, and 
heat transfer requirements. Figure 7 is a sketch of a 
single fuel element. Figure 8 shows the arrangement of 
17 of these in a lattice of spacing 6 inches. The spacing 
was determined by the feasibility of constructing the 
holes through the shield through which the fuel ele- 
ments are inserted in the reactor. Since it is easy to 
vary the amount of uranium incorporated in the fuel 
plate and the number of plates in a fuel element, the 
reactor core has a great deal of flexibility. This flexi- 
bility is made use of mainly to adjust the reactivity to 
compensate for the burnup. 

Heat Transfer 

For operation at 1000 kw, the heat ilux is so low that 
no problem exists. For operation at 4000 kw, a fuel 
element with 12 uranium-bearing plates is required. 
Sixteen fuel elements are the minimum permitted for 
operation at this power. Each fuel element has a heat- 
ing area of 9100 cm 2 . The average heat flux is 6.5 
cal/cm 2 /sec and the maximum about 9.8 cal/cm 2 /sec. 
The water velocity is 1.6 m/sec and the film coeffi- 
cient is 0.2 cal/cm 2 /sec/C, hence the maximum film 
temperature drop is 49C. The temperature rise of the 



Figure 6. Damaged portion of fuel element 
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NAte- dimensions are In Inches 
Figure 8. Fuel elements and experimental thimbles: (1) 5% dia. exp. 
thimble holes in graphite; (2) 6 dia. storage holes for radioactive 
samples; (3) Regulating rod; (4) Fuel elements: (5) 3j, dia. exp. 
thimble holes in D 2 O; (6) 4 dia. exp. thimble holes in D 2 Oj {7) Graphite 
zone; (8) D S O zone; (9) 3Kfi dio. exp. thimble holes in graphite 

water in a fuel element is 12.6C for a pumping 
rate of 1200 gpm. With an inlet temperature of 4()C, 
film boiling is just avoided. 

Fuel Inventory 

A mailer of considerable importance in the manage- 
ment of a research reactor is the amount of enriched 
U 236 which must be committed in order to keep the 
reactor in operation. Also, the cost of fabricating new 
fuel elements and of chemical recovery of unburned 
fuel is not a negligible operating cost. Loss of reac- 
tivity and the lowering of flux due to poisoning by 
long-lived fission products determine the frequency of 
replacement of the fuel. So far in the operation of the 
Argonne Research Reactor, it has been the practice to 
limit the average depletion to 15% and the maximum 
for any fuel element to 30%. Experience may indicate 
how these percentages can be improved. 

The fuel inventory is dependent on the power level. 
It also depends on the purely technical matter of the 
frequency with which new fuel elements are supplied 
by the fabricator and the frequency of shipment of 
irradiated elements to chemical recovery. 

At a power level of 1000 kw, it will be most conveni- 
ent to place receipt and shipment of fuel on a yearly 
basis. At the start of the year the reactor is loaded 
with only 12 elements containing a total of 1680 gm 
of U 235 . This provides excess reactivity for xenon 
poison, temperature coefficient, experimental appara- 
tus and for the first two months of operation. Succes- 
sive additions of the remaining five fuel elements 
carries the operation through the year, at which time 
most of the fuel is removed. Allowing two months for 
cooling before shipping of irradiated elements, a total 
average inventory of 2700 gm is sufficient. 

Operation at 4000 kw requires at least 16 fuel ele- 
ments, as was indicated in the section on heat transfer. 
A fuel element contains 132 gm U 23B and is replaced 
when it has been depleted to 100 gm. Partial replace- 
ment is made at monthly intervals at which time one 



quarter of the fuel charge, consisting of the most highly 
depleted elements, is replaced. If receipt of new fuel 
elements and shipment to chemical processing is on a 
yearly basis, a total of 13.0 kg will be committed to 
the operation of the machine. If these manufacturing 
operations are on a twice yearly basis, the committed 
inventory becomes 7.5 kg. 

A calculation of the critical size of this reactor, using 
uranium enriched to only 20%, indicates that it will 
increase by a factor of 1.8. Inventories would be 
increased correspondingly. These inventory figures 
strongly suggest that where the supply of enriched 
uranium is limited this machine is ideally suited, since 
it provides high neutron tlux with the least inventory. 

Flow Diagram 

Figure 9 is a diagrammatic representation of the 
Jluid systems of the reactor. Heavy w;'er pumped into 
the distribution plenum at the bottom of the tank 
passes through orifict^ in the b"it"m of the fuel ele- 
ments, through the fuel el< me'nts *.nd discharges into 
the tank. The flow in each fuel element is measured 
by a float arrangement, as well as the temperature 
rise by 1 hermocouples in the plenum and the exit 
port in tfv.h fuel clement. 

The heavy water discharged from the reactor tank 
is pumped through a heat exchanger where the heat 
is discarded to a light-water cooling system. The heat 
exchanger is provided with double tube sheets to 
lessen the possibility of mixing of the two kinds of 
water. 

The level of water in the reactor tank is maintained 
constant by means of an overflow pipe installed at a 
fixed height. A small constant flow is maintained 
through this overflow pipe. A tank is so installed that 
the heavy water reflector above the core can be 
dumped quickly. The tank arrangement, however, is 
such that it is not possible to expose the actual fuel 
elements. The heavy water handling system is in- 
stalled in the basement underneath the heavy floor 
of the main workroom. It is easily accessible and can 
be inspected during operation. Purity of water is con- 
trolled by pumping a side stream through ion exchange 



resins. 



Reactor Helium System 



The atmosphere over the heavy water in the reactor 
tank is helium gas at a positive pressure of 2% 
inches of water. This pressure is maintained by a gas 
supply system and a neoprene diaphragm gas holder. 
The gas space over the heavy water in the reactor is 
connected by a large diameter pipe to a holdup space 
of volume 1000 ft 8 . The end of the pipe connecting the 
reactor gas space to the holdup volume is sealed with 
a rubber diaphragm which bursts at a pressure of 1 
psi. This is purely a safety measure which ought to 
vent the products of reaction if a hydrogen-air explo- 
sive mixture were by any chance acquired over the 
heavy water, or if by any chance steam were formed. 
The consumption of helium in this system is low, 
being no more than 1000 ft 3 at atmospheric pressure 
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per month. Purity is normally maintained at 99% in 
order to reduce any argon activity in the leakage. 
H 2 O Cooling 

The light water cooling system has a pumping 
capacity of 1000 gallons per minute. It is standard in 
all respects with the exception of the fact that a large 
tank which can hold specially chilled water has been 
introduced as a parallel side stream. At those times 
when burnup has reduced the amount of available 
reactivity, the chilled water is used to reduce the 
temperature of the reactor system and thus gain 
reactivity. It is mainly useful to extend the period of 
time during which shutdown can persist without being 
trapped by the growth of shutdown xenon. While it 
has been used in some cases, only extended experience 
will indicate if its usefulness justifies the cost of 
installation. 

Mechanical Arrangement 

The basic element of the reactor is an aluminum 
tank, 6 ft in diameter and 9 ft 7 in. high. Since the 
aluminum tank is surrounded by a graphite reflector, 
the thickness of the tank wall is a compromise. The 
thickness of the bottom of the aluminum tank also 
had to be controlled because the neutron flux in th 
graphite below the tank was to be used. The wall 
thickness of the aluminum tank is % inch. Figure 10 
is a photograph of the inside of the alaminum tank. 
Figures 11 and 12 give further details. The fuel ele- 
ments arc installed in the central portion of the tank, 
leaving a heavy water reflector on all sides and lop and 
bottom. The heavy water reflector not only acts to 
reduce the critical mass of the reactor but provides the 
volume for the experimental facilities. In order that 
the facilities can make use of the highest neutron 
flux, they must extend through that part of the reflec- 
tor which lies just outside the core. Therefore, as is 
shown in the photograph of the inside of the reactor 
tank, re-entrant tubes arc welded into the wall of the 
reactor tank so that the horizontal beam holes can 
extend to the edge of the core. Similarly, the four holes 
which extend directly through the reactor from side 
to side pass through the region of D 3 O reflector close 
to the core. At the top of the reflector in the aluminum 
tank, there is installed a gridwork which provides 
mechanical strength both for the support of the 
cantilevered ends of the internal beam holes and the 
hinges of the shim-safety rods. Supporting the pro- 
truding ends of the beam holes is quite an important 
item since there is a high probability that experi- 
menters will wish to place plugs of bismuth or lead or 
graphite at such locations and when the beam hole has 
a diameter of 12 inches, the weld stress becomes very 
great. The graphite surrounding the reactor tank is 
installed so that there is a minimum space of one inch 
between the interior edge of the graphite and the 
outer wall of the aluminum tank. The graphite is fur- 
ther held in position by a thin aluminum sheet. In 
this way, the aluminum tank, if it should become 
damaged, can be removed by first removing the main 
top shield plugs of the reactor. Because of the radio- 



activity involved, this would not be a simple opera- 
tion, but provision to make it possible is incorporated 
in the basic design of the machine. The graphite has 
been installed with as few cracks in the radial direction 
as possible so that the conduction of heat is outward 
to the inner wall of the biological shield, which is 
water-cooled. The water-cooled gamma shield was 
constructed by erecting a steel tank on the outside of 
which a layer of lead brick of thickness 3J in. was 
installed. Leaded into these bricks are copper cooling 
coils through which distilled water is circulated. Boral 
sheet was fastened with screws on the inside of the 
steel tank. The boral consists of boron carbide mixed 
with a small amount of aluminum and sh^ithed on 
both sideh with a thin layer of aluminum, i ie total 
being one-quarter of an inch thick. The -.ighly ther- 
malized neutrons are absorbed by the boral without 
giving rise to penetrating gamma ravs. The suppres- 
sion of these capture gamma' rays in this manner is 
necessary if the bioi. j^cal shieH hlckness is to be 
kept small. The graphite i: litied -losely to the boral 
and the remaining cracks ai^ filled by pouring in lead. 
Ln addition, the atmosphere of the graphite space is 
helium gis. This necessitates sealing all of the space 
enclosing -he graphite. This graphite zone is operated 
at a helium pressure of 2}- in. of water, negative with 
respect to the atmosphere. Therefore, leakage around 
beam holes and other places where the seal may not be 
perfect is leakage of room air into the graphite-helium 
system. A periodic purging of the system maintains 
the purity of the helium. About 2000 cubic feet of 
helium at atmospheric pressure is used per month. 
The helium atmosphere for the graphite is thought to 
be necessary to prevent excessive heating of the 
graphite when the reactor is operated at highest power. 
A matter of considerable concern in the design of a 
heavy water reactor is the arrangement of the upper 
shield. The upper shield must provide the working 
deck for the installation and removal of fuel elements. 
Therefore, at some times work must be done above 
the reactor with lead coffins weighing perhaps ten 
tons. The shield must be so arranged so that no mis- 
management of this coffin can damage the reactor. 




Rgura 10. Interior of reactor tank 
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Figure 1 1 . Section through principal beam holes 



In the design of this reactor, this has been accom- 
plished by splitting the upper shield into two parts. 
The lower part, weighing eight tons, is carried inside 
the aluminum vessel. The gasket which seals this 
plug in the reactor tank is at the top of the plug and 
therefore accessible. Temperature expansion of the 
tank merely raises this plug. The second part of the 
shield is in the form of a large circular disk which 
spans the aluminum tank and graphite reflector. 
Any blow struck to the top of this disk is transmitted 
to the concrete shield and could not put stress on the 



reactor vessel. This means, however, that the shield 
plugs above the fuel elements also have to be divided 
in two. Each of them is scaled into its appropriate 
top shield plug by means of a neoprene "O" ring. 
The "O" ring for the lower plug is placed as far as 
possible from the radiation field to prevent deteriora- 
tion of the material. The fact that the reactor con- 
sumption of helium is low indicates that these "O" 
ring seals are very successful. The fuel element plug 
in the lower shield also acts as a weight to keep the 
fuel element seated in the plenum chamber. 
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The construction of the thermal columns has been 
a matter of special concern. Consideration of possible 
experiments indicated that there should be a space 
made available which should have a minimum 
diameter of 16 in. The graphite in this space must be 
adjustable and removable in order to make cavities 
of size to fit the experiments. Therefore, an aluminum 
liner was so arranged that it separates the graphite 
of the thermal column from the graphite of the re- 
mainder of the reflector. Whereas the main biological 
shield of the reactor is made of concrete in which the 
aggregate is steel punchings of graded si/es and in 
which the sand is magnetite, the shield over the 
thermal column face is made of lead, pressed wood, 
and iron. To provide access to the 16-in. diameter 
space, adjustable doors are provided and since these 
are very heavy, (hey are motorized. Figure 11 shows 
that the minimum thickness of biological shield is 
56 in. For a horizontal beam hole, the distance of the 
outerface of the shield to the point of highest neutron 
flux is only 103 in. The greatest flexibility for the 
beam hole is obtained if this distance is kept small, 
because for some experiments this distance will be 
just as important as the maximum neutron flux in 
determining what flux is available to experiments 
outside the shield. In placing the shield, great care 
has been used to provide additional density in those 
places where it has been necessary to leave holes. 
By doing this, local leaks in the shield have been 
avoided. 

For a machine in which the neutron beams can 
be very intense, it is highly desirable to provide in 
the shield some means of attenuating the beam. The 
experimenter will find many occasions for adjusting 
his apparatus and unless a reasonably convenient 
method is provider! for shutting off the beam, he 
will either make his adjustments and risk over- 
exposure or demand that the reactor be shut down. 
No easy solution to this problem exists. Two solutions 
have been used in this design. For the two 12-in. 
diameter beam holes and for two of the 4-in. diameter 
ones, a section of the biological shield 1.5 ft thick 
has been arranged in the form of a drum which can 
roll on its side. The drum is of sufficient diameter so 
that on one side of the center an opening can be 
made of the same size as the beam hole. A collimator 
installed in such a beam hole is divided into two parts. 
A fixed part is on the reactor side of the drum and 
another section is in the hole in the rotating drum. 
The drum is positioned accurately enough so that the 
drum can be rotated from the closed to the open 
position and the collimator will still be in accurate 
alignment. For experiments which have electric 
wires or fluid-carrying pipes connected to them and 
which are to be installed in such a beam hole, there 
is provided in the back of the rotating drum a recess 
to which access is provided both to the top of the 
reactor and to the basement below the reactor. Con- 
nection is made by reaching through the open hole in 
the drum and then the radiation leakage spaces 
around the wires or pipes reaching into the reactor 



are sealed off by rotating the drum. In this way, the 
background in the room around the reactor is reduced. 
In the second type of beam hole shutter a block of 
absorbing material is moved in a vertical channel 
so that it can come down and completely block the 
beam hole. This vertical channel is placed deep in the 
biological shield and is quite effective in interrupting 
the beam. It also demands that the collimator be 
installed in two sections. All of the beam shutters 
are electrically operated and are provided with 
signal lights showing their open and closed positions. 
The outer surface of the biological shield is a heavy 
steel plate which has been provided in order to give 
a convenient and solid place to fasten experimental 
equipment. 

Another feature of all openings penetrating the 
shield which is designed to reduce work room radia- 
tion is worth mentioning. These openings will or- 
dinarily be filled with air, and the argon in the air 
in these beam holes will become highly radioactive. 
Near the outer edge of the biological shield each 
beam hole is connected to a high velocity ventilating 
system. This tends to sweep the irradiated argon 
out of the beam hole; in fact, normally there is a 
suction of room air into the beam hole past the face 
of the pile. 

All of the facilities of the reactor are arranged so 
that it is possible to bring the normal laboratory 
services to them. Slots have been placed in the 
biological shield which permit bringing power and 
fluid lines to the top of the reactor, and in the top 
shield raceways have been left so that utilities can be 
distributed to the thimbles which pass into either 
the heavy water region or the graphite region. For 
instance, a number of the experiments now installed 
in the vertical thimbles of the reactor are air-cooled- 
by suction with fairly large capacity blowers. The 
pipes carrying this air are concealed in the biological 
shield and go to the basement area where the blowers 
are placed. Because of the care that has been taken 
in installing the raceways for utilities, the exterior 
surfaces of the reactor arc remarkably free of pro- 
jections as is shown in Figs. 13 and 14. 




Figure 13. Reactor and work space around it 
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Control System 

Control of reactivity of the read or is incorporated 
into three systems. Large amounts of reactivity are 
handled by four shim-safety rods. Each of these 
shim-safety rods is a plate of cadmium jacketed in 
aluminum. As a safety rod, each bar is arranged so 
that it can fall into the reactor from its ail-oul 
position into its position of maximum effectiveness 
in a time of 0.35 second. A strong spring provides 
initial acceleration. Each rod subtracts between 
8% &k/k and 12% &k/k depending on its location; 



therefore in normal operation any one of these shim- 
safety rods would shut down the reactor. In being 
raised to add reactivity, the shim-safety rod is 
moved at a slow speed which is variable within 
limits by the operator. Each of these rods is of the 
swinging arm type. The hinge is supported on the 
grid mentioned earlier which is welded in the reactor 
vessel. The rod is moved by means of a shaft which 
is inserted through the biological shield and ter- 
minates in the drive mechanism which is installed 
in a recess in the face of the pile. The shim-safety rod 
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Figure 1 4. Pictorial auembly and research reactor 
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can be removed for replacement by withdrawing the 
shaft and lifting the whole rod through a plugged 
opening in the upper shield. This is illustrated in 
Fig. 15. This type of construction of the shim-safety 
rods has a number of unique advantages. The rods 
are fast since the circular motion needed for effective 
action extends over only a short arc. No special pro- 
vision for cooling need be provided since the rods 
lie within the moderator water in the upper reflector. 
Because the penetration through the biological shield 
is always closed by the shaft no leakage of radiation 
whatsoever to the outside takes place. Finally, he- 
cause it is a rotary motion, no space outside the pile 
itself is required for a framework to house the drive 
mechanism. Many years of experience with this type 
of control system indicates that it is of superior 
performance. The shim-safety rod system is the one 
used to add reactivity for temperature coefficient; a 
moderator temperature change from 30 to 50 C 
reduces reactivity by 0.8%. Reactivity loss due to 
operating xenon, which is about 3>2%, and reactivity 
loss due to burnup, which may vary between 1 and 
2%, also are compensated for by the motion of the 
shim-safety rods. The removal and insertion of experi- 
ments from time to time causes changes in reactivity 
of the machine of 1 or 2% and this is usually balanced 
by the motion of the shim-safety system. 

Running control of the reactor is automatic and 
is done with a regulating rod which is inserted in a 
thimble entering the heavy water reflector vertically. 
The total reactivity under control by the regulating 
rod is limited to not more than 0.4%. Because the 
lifetime of neutrons in this machine is 1.5 X 10~* 
second, it follows that no motion of this regulating 
rod can impart to the reactor a dangerously short 
period. Therefore this regulating rod is permitted 
to operate quite rapidly. The automatic control 
system moves the regulating rod about a fixed point 
in such a way as to keep the power measured with 
ionization chambers constant to better than 1%. 
Also with this regulating rod, startup of the reactor 
is done automatically. The rod itself consists of a 
cylinder of cadmium enclosed in aluminum; alter- 
nately, it could be a cylinder of cobalt since it would 
provide a convenient source of this important acti- 
vated material. The third method of controlling reac- 
tivity is the dumping of the heavy water reflector 
over the fuel element core. This takes a time of about 
15 seconds and removes 3^% &k/k. 

This reactor, it is believed, has a very large degree 
of inherent safety. This judgement is based on the 
experiments on the self-limitation of a water-cooled 
reactor, which are being reported at the Geneva 
Conference. 3 Estimates of the reduction in reactivity 
due to the formation of steam in the spaces between 
the fuel plates indicate that very large amounts of 
reactivity would be subtracted as the water is ex- 
pelled from the space between the fuel plates. Because 
the lifetime of this reactor is about twenty times 
longer than the lifetime of the light water reactor 
in which the experiments were done, no amount of 
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Figure 16. Heating of fuel elements after shutdown from 2000 kw* no 
water or helium In reactor tank 
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reactivity which is available in ordinary use can give 
the heavy water reactor a period which would result 
in a power excursion of any consequence. Normally, 
the reactor is loaded in such a way that at no time is 
the excess reactivity more than about 6%. If this all 
were added suddenly, the formation of steam in the 
fuel plates would limit the power excursion to a value 
for which melting of the fuel plates is not to be 
anticipated. 

The experiments on the self-limitation of the water- 
cooled reactor were done after the building for the 
Research Reactor had been designed and was under 
construction. The building is of the gas-tight type of 
construction. It is made of reinforced concrete, the 
method of erection being by the continuous slip form 
process. This is why the cross section of the building 
through the reactor area is circular. Tests have shown 
that the building is adequately gas-tight and that in 
the event of the emission of a quantity of radioactive 
gaseous material, the building would provide very 
effective barrier against hazardous leakage. Figure 18 
is a photograph of the building exterior. Although the 
self-limitation features of the reactor are such that 
there is no likelihood that an excursion would melt th^ 
fuel plates, it is apparent that a large rupture in the 
aluminum reactor vessel r Th as the destruction of a 
large beam hole would cause the loss of all heavy water 
and that the shutdown fission product heating of the 
fuel plates might raise the aluminum to the melting 
point. Mockup experiments with electrical heating 
have been done on this point and the results are shown 
on Fig. 16. This figure indicates that at 2000 kw opera- 
tion the replacement of the heavy water by air will 
still not lead to the melting of the aluminum plates due 
to the shutdown fission product heating. Experiments 
with a helium atmosphere indicate that the aluminum 
plates might just not melt even if the operation were 
4001) kw. For operation at 4000 kw, however, a water 
spray system is required in order to guarantee that the 
loss of the heavy water would not be followed by the 
melting of the plates and the emission of the fission 
gases. The spray system consists of a series of nozzles 
which are installed on the lower side of the top shield 
of the reactor over the fuel elements. A tank of heavy 
water pressurized with gas is available to provide 
pressure for this spray cooling. It is seen from Fig. 
16 that the spray cooling need be continued only for a 




Figure 17. Control room 



limited period of time, but of course it could be con- 
tinued indefinitely by switching to the light water 
mains. The gas-tight building provides further assur- 
ance that such un event could not lead to the dis- 
charge of radioactive gas to the environs. As a result 
of the inherent safety of the reactor and the nature of 
the building, it is believed that this facility possesses 
the largest degree of protection against mishap so far 
devised for a high llux reactor. 

All of the control operations of the reactor, includ- 
ing the manipulation of all valves, pumps, and flow 
systems, is centralized in a control room. It is a feature 
of the control system that all vacuum tube? 'tnd elec- 
tronic components are collected in this one \ ^ace. An 
enunciator board provides visual indication for the 
malfunctioning of any of 50 points of the system. 
Figure 17 is a photograph of the control room. 

Experimental facilities' 

Two thermal columns are provided since experience 
had indicated that these ace very versatile facilities. 
They can be used to provide beams of thermal neu- 
trons with hxgh cadmium ratios. Also, they provide 
place* in which i airly large objects, up to 16 in. in 
diametei, can be irradiated. Eight beam holes on a 
horizontal plane are provided, all with the central axis 
at the same height from the working floor. This per- 
mits a certain amount of flexibility in moving appara- 
tus from one beam hole to another without having to 
reconstruct the apparatus supports. Two holes are 
provided, 5 3 -^ inches in diameter, which pass straight 
through the reactor from face to face of the shield. 
These can be used either as the source of a tangent 
beam, which does not look directly in the reactor core, 
or they can be used for the installation of engineering- 
type experiments in which the through hole is very 
useful for the passage of pipes for the cooling fluid. 
Two tubes going through the edge of the core are 
provided to enable the quick irradiation of samples. 
These tubes are furnished with a helium gas system 
which carries a cartridge in or out of the reactor in a 
very short time. The top of the reactor is provided 
with a number of openings which carry aluminum 
tubes or thimbles into the heavy water or into the 
graphite. Any unused fuel positions also can be 
equipped with thimbles for irradiation purposes. 
Normally, 11 vertical thimbles are available in the 
heavy water zone and 17 in the graphite zone. Be- 
neath the reactor, there are two tunnels which pass 
from side to side through the graphite reflector. These 
have proved to be very convenient places for irradiat- 
ing materials when the highest flux is not required. 
The cadmium ratio in this position is about 2000. 
lonization chambers for the normal operation of the 
machine are installed in eight tubes which enter the 
graphite zone of the reactor horizontally. These are 
reserved exclusively for reactor operation. 

Available Neutron Flux 

Measurements have been made on the neutron flux 
in all parts of the machine when it is operated at 1000 
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Figure 18. Reactor building 



kw. As was expected, the thermal neutron tlux rises a 
small amount in the moderator just outside of the core. 

Where fast neutron flux is required for experiments, 
it is provided by installing a fuel element in which I he 
uranium bearing plate has been formed into a cylinder. 
A thimble extending from outside the shield passes 
through the middle of the cylindrical fuel element and 
provides a fast flux approximately equal to the ther- 
mal flux at the fuel element. 

Table I gives the thermal neutron flux at typical 
places in the reactor. 

Table I 

Neutron flux (n/ cm*/ sec) 



Location 


1000 kw 


4000 kw 


Vertical DO thimble 


1.7X 10" 


6.2 X 10 18 


Vertical graphite thimble 


6.5 X 10" 


2 6 X 10 1 * 


Thermal column 


2 X 10" 


8 X 10" 


Horizontal beam hole 


i.sx io ia 


6 X 10" 


Isotope tunnel 


1 2 X 10'* 


4.8X 10 2 



Of greatest interest to experimenters is the mag- 
nitude of the flux which can be obtained at points 
outside the shield. The fact that this shield has been 
made as thin as practical is of considerable assistance 
here. For instance, at 1000 kw by opening the thermal 
column to its full width and installing an appropriate 
collimator a thermal neutron tlux of 6 X 10 n/cm 2 /sec 
is obtained in the room. A strong fast flux for experi- 
ments is obtained by interposing an uranium con- 
verter plate in this beam. Installation of a collimator 
tube with a slit 0.25 inches wide and a length of 106 
inches in one of the horizontal holes produces a colli- 
mated beam in the room of intensity 3.4 X 10 s 
n/cm 2 /sec. 

Cost 

. Costs for the reactor and all of its auxiliaries were 
accumulated during construction. The major part of 



the cost of the whole facility is in the building and the 
auxiliary laboratories. The reactor, exclusive of build- 
ing, cost $1,051,000. This does not include the cost of 
the seven tons of heavy water but does include the 
$15,000 fabrication cost for a set of fuel elements. The 
cost cited does include plugs for the experimental 
openings, collimators and other special thimble ar- 
rangements. It also includes a fuel coffin, an electri- 
cally operated truck, and other handling tools. The 
largest single component of cost, $403,000, was the 
erection of the biological shield, the installation of the 
graphite, and the installation of the reactor lank. 

Operation 

No manual manipulations are required to keep the 
reactor operating in a steady fashion. A normal operat- 
ing crew consists of a supervisor and two control room 
operators. This staff also prepares samples for irradia- 
tion and removes and ships all irradiated samples. 
Electric power consumption by the reactor and its 
auxiliaries is only 80 kw and the consumption of other 
supplies is negligible. Because of the large heat capac- 
ity of the tank of heavy water, it is possible to dispense 
with pumps or other machinery for shutdown cooling. 
Thus operators are not required to be in attendance if 
the machine is taken out of service for a short time. 
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P/620 Reactor for physical and technical investigations G. N. Kruzhilin 
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Mr. G. N. KRUZHILIN (USSR) presented paper 
P/620. 

Mr. F. W. PENNING (UK) presented paper P/402. 

DISCUSSION OF PAPERS P/620 AND P/402 

Mr. H. BROOKS (USA): This question is addressed 
to the Soviet paper, P/620. Wh.U. is Ihc fast flux 
and the epithermal flux available in this reactor? 

Mr. KRUZHILIN (USSR): The thermal-neutron 
flux has been measured experimentally at 8 X 10 1 * 
with a minimum charg- of uranium-235. In later 
testing operations, with a large load of structural 
materials, the uranium-235 charge was increased, so 
that, the maximum flux, of course, fell somewhat. 
In practice, we use a ilux of 4 to 5 X 10 13 . A question 
was asked about the fast neutron flux. Unfortunately, 
I do not have this figure. 

Mr. A. M. WEINUERG (USA): I should like to 
address this question to the Soviet paper. Are there 
any particular provisions made for gas-tight con- 
tainment for the RPT reactor? I am referring to the 
fact that both in the United States and in the United 
Kingdom the strong trend is towards putting reactors 
of high power into buildings which are essentially 
gas-tight. I am asking whether, in the Soviet Union, 
the same practice is encountered. 

Mr. KRUZHILIN (USSR): Research reactors in the 
Soviet Union are built without gas-tight housing. 
The reactor I described also has no gas-tight housing. 

Mr. P. W. MUMMERY (UK): I should like to ask 
Mr. Kruzhilin a question. T noted with interest that 



in the plan of this reactor his loop experiments appear 
in the reflector outside the core. Presumably the 
reason for this is that he considers the flux there as 
adequate, and the effect of rer^avity is much smaller 
than if it were in th* core. Is this correct? 

Mr. KRU/HILIN (JSSR): fl ^ reflector affords 
greater possibilities of in,^ tailing the loops and the 
Iheimal-rM'utron flux is adequate for the purposes 
of the rr--earch in which we are engaged, 

Mr. Jtt. KRONI ERGER (UK): I should like to ask a 
question about the fuel elements and the vibration. 
Is this vibration caused by fluctuations in the pump 
or by the design of the coolant channel? If it is the 
former, would not a buffer tank have solved the 
problem ? 

Mr. KRUZHIIJN (USSR): The vibration I mentioned 
is of a local nature and is confined to the fuel rod 
channel. The fuel elements are installed in this 
channel in a vertically suspended position and in 
conditions conducive to vibration. The cause of the 
vibration is the flow of water through the channel. 

Mr. J. M. HARRER (USA): I should like to direct a 
question to Mr. Penning. We are interested in the 
enclosure of his reactor, the steel pressure-type build- 
ing. I should like to know if he would care to comment 
on the specifications to which it is being built, or 
what tests it has been given or will be given before 
he goes into operation with the reactor. 

Mr. H. J. GROUT (UK): This pressure-type building 
is being built to British standard code 1500. It will 
be tested to full working pressure by air and we shall 
also conduct a leak test on the completed structure. 
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